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Assembling Glutamate and Addiction was a two-and-a-half year labor of love. As
editors, we all had the same goal in mind and pursued this with a fierce dedication. We
felt that it was now time for a volume clarifying for the first time the relationship between
glutamatergic systems and addiction. The past decade has seen a steady and escalating
progression of scientific advances that have implicated a pivotal role of glutamatergic
systems in cocaine, opiate, and alcohol dependence––both the etiology of these disorders
and their treatment. As editors, we met as a group several times a year to discuss the
progress and the ever emerging direction of the book. As senior editor, I am personally
indebted to the superb job of the coeditors attracting the very best scientists in this field
to contribute their important papers to this book.

To Philip H. Sheridan, MD of the Food and Drug Administration (FDA), for his mar-
velous ability to attract internationally known scientists to contribute to the first section
of the book on the basic physiology and pharmacology of glutamate. The five stellar
chapters in this section include ones by Borges and Dingledine; Witkin, Kaminski and
Rogawski; Choi and Snider; Sanchez and Jensen; and Kaul and Lipton. A special thank
you to Michael A. Rogawski, MD, PhD, Epilepsy Research Section, NINDS, NIH for being
an early and avid supporter of this effort and bringing to our attention valuable contribu-
tors to this book. It is our hope that these five introductory chapters will provide a level
playing field for all readers of this book to upgrade their basic understanding of glutamate
before proceeding to the other research chapters focused on the relationship between
glutamate and various addictive disorders.

To Jerry Frankenheim, PhD of the National Institute on Drug Abuse, the National
Institutes of Health (NIH) for his wonderful role, as senior editor of Section II, in illus-
trating the role of glutamatergic systems in stimulant drugs of abuse including cocaine,
amphetamine, and methamphetamine. Dr. Frankenheim displayed considerable care in
editing this section. In addition, I am personally indebted to Dr. Frankenheim for his
seamless job in serving as Acting Senior Editor of this volume for a two-month period
when I was unavailable for this task. Section II is a truly remarkable part of the book in
its thoroughness in covering virtually every aspect of the role of glutamate in stimulant
drugs of abuse, with outstanding chapters by Pert, Post, and Weiss; Karler, Thai, and
Calder; Wolf; Baker, Cornish, and Kalivas; Wang, Mao, and Lau; Pulvirenti; Vezina and
Suto; Cadet; Burrows and Yamamoto; Itzhak, Martin, and Ali; Matsumoto and Pouw;
Bisaga and Fischman; and Epping-Jordan. As we state in our dedication of this book, this
effort also coincided with the tragic death of one of our beloved colleagues in the addic-
tion field, Marian Fischman, PhD of Columbia University School of Medicine. Dr. Fis-
chman was a vibrant human being, and one of the most vital forces in the research field
of addiction medicine. A personal thank you to Adam Bisaga, MD who took over the task
of writing and editing this chapter with Dr. Fischman in an extremely gracious and
responsible fashion in the face of tragic circumstances.

We are extremely grateful to the authors who contributed to the valued third section
of the book on glutamate and opiate drugs of abuse including heroin. The world-renown
scientists in this section included Mao; Trujillo; Popik; and Rasmussen. An overview of
this important topic is provided by Jianren Mao, MD, PhD of Harvard University School
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of Medicine. It is of interest to note that the researchers in this section were some of the
first to provide evidence of a relationship between glutamate and various aspects of the
addiction process.

In the final section, the relationship between glutamate and alcohol abuse and alcohol-
ism is explored. Our superb editors of Section IV are Forrest F. Weight, MD and Raye
Litten, PhD, both of the National Institute of Alcohol Abuse and Alcoholism (NIAAA).
Personally, I am particularly grateful for the continuous role provided by Dr. Litten, who
managed to come to virtually every editorial meeting across building lines and to quickly
get his section collated into a deliverable form to our publisher, Humana Press.

I would like to thank Craig Adams and Elyse O’Grady of Humana Press for their
superb editorial and publishing skills and their tireless efforts in cheering this effort on
to its completion. Craig and Elyse supported this effort from the beginning and until its
completion, with a compassion and expertise that I will forever admire.

Finally, I would like to thank my institute, the National Institute on Drug Abuse, NIH,
for being supremely generous in allowing me the time to pursue this effort for the last two
and a half years. Particular thanks goes to Alan Leshner, Ph.D., former Director, NIDA,
Glen R. Hanson, PhD, DDS, current and Acting Director, NIAA, Frank Vocci, PhD, Director,
Division of Treatment Research and Development (DTR&D), NIDA and Ahmed Elkashef,
MD, Chief, Clinical Medical Branch (CMB), DTR&D, NIDA for permitting this effort to
occur. We also thank the institute directors of NIAAA, Enoch Gordis, MD (former director)
and the present top official of the FDA Bernard A. Schwertz, DVM, PhD, Acting Principal
Deputy Commissioner and the past commissioner of the FDA, Jane E. Henney, MD for
enabling the participation of individuals from their respective institutions.

I am personally touched by the numerous cards, letters and flowers that I received from
family, friends, professional colleagues, and folks from Humana while in the hospital.

Our interest in glutamatergic systems and drug abuse disorders stems back to at least
1991, when the first preclinical evidence was presented for a role of this system in the
development of opiate tolerance and withdrawal (cf. 1, 2). Indeed, a few years earlier,
research in the late 1980s suggested a role of glutamate in stimulant drug addiction (3).
From there, we as a group launched several efforts to try to synthesize the knowledge
base that was quickly accumulating in this exciting area. Thanks to the efforts of the
National Institutes of Health (NIH) and the Food and Drug Administration (FDA),
approaches to understanding the biological and behavioral basis of drug addiction and
developing new modalities for the treatment of drug addiction are now attaining some
level of consistency across the world. A highlight in this trend for unification in theory
and practice, is illustrated by the conceptual writings of Alan I. Leshner, PhD former
Director, National Institute on Drug Abuse, who has tirelessly pioneered to increase the
research and scientific basis for understanding drug addiction as a disorder of the brain
(e.g., 4, 5). A similar emphasis on drug abuse as a brain disorder is noted in the very basic
preclinical research of Stephen E. Hyman, MD, former Director, National Institute on
Mental Health (e.g., 6, 7). Similarly, in a monthly letter developed by the National
Institute on Alcohol Abuse and Treatment (NIAAA), Enoch Gordis, MD, former Direc-
tor, NIAAA has describe numerous scientific advances detailing the role of various
biochemical systems in alcohol dependence and the role of medication treatment in
alcohol dependence (cf., 8, 9). An esteemed partner in this endeavor is Jane Henney, MD,
former Commissioner, FDA whose institute is responsible for making certain that the
medications that are developed for this indication are both efficacious and safe. We very



much value the superb contributions of the authors in Section IV on glutamate and
alcohol, who include Peoples; Crew, Rudolph, and Chandler; Becker and Redmond;
Krystal, Petrakis, D’Souza, Mason, and Trevisan; Zieglgänsberger, Rammes, Spanagel,
Danysz, and Parsons; Pasternak and Kolesnikov; and Potgieter. We all work together
with these institutes and with the creative and brilliant scientists who undertake both the
preclinical and clinical research to develop a rigorous science of drug addiction. It is our
hope that this research will result in innovative treatments for drug abuse and addiction,
and for understanding the basis of these disorders in the central nervous system.

The job of characterizing the role of glutamatergic systems in addiction disorders is now
off to a solid beginning. With the recent advance and approval of glutamatergic antago-
nists for the indication of alcohol abuse and addiction in a variety of European countries,
we have already started to witness some clinical payoff for the superbly innovative and
thorough research of both preclinical and clinical sciences. We hope that this effort will
launch a new decade starting in the year 2001, that will see yet even further advances in
the glutamatergic field, both in the etiology and treatment of addiction disorders.

Barbara H. Herman, PhD
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Molecular Pharmacology and Physiology 

of Glutamate Receptors

Karin Borges, PhD and Raymond Dingledine, PhD

1. INTRODUCTION

Glutamate receptors represent the main excitatory receptors in synaptic transmission in the brain
and have been intensively studied over the last 15 yr. Although clinical settings involving glutamate
receptor modulators or antagonists usually involve stroke, acute brain injury, epilepsy, and neuropathic
pain, both metabotropic and ionotropic classes of glutamate receptor also appear to play a role in
addiction and cognition. For example, sensitization to cocaine upon chronic exposure to this stimulant
appears to be mediated in part by Ca2+ influx through α-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA) receptors (1), and an mGluR2 agonist attenuates the disruptive effects of phencycli-
dine on working memory (2). We will provide an overview of the molecular and physiological
properties of glutamate receptors and review their subunit-specific pharmacology. As much as possi-
ble, we will focus on features of glutamate receptor activation and desensitization that may be most
relevant to addiction and cognitive processing. More extensive information on glutamate receptor
pharmacology can be found in the literature (3–5).

2. METABOTROPIC RECEPTORS

2.1. Introduction into mGluR Classifications and Their Classical 
G-Protein-Coupled Signaling Pathways

The metabotropic receptors all contain seven transmembrane domains (TM) and are coupled to G-
proteins. They are classified into three groups according to their pharmacology (Table 1). Many excel-
lent extensive reviews for the mGluRs are avaible (e.g., refs. 6–9). Metabotropic glutamate receptors
are widely expressed in the brain, except for mGluR6, which only occurs in the retina. Group II
mGluRs are found in presynaptic membranes or extrasynaptically, group III receptors function as
autoreceptors in the presynaptic terminal membrane, and group I mGluRs are often expressed perisy-
naptically, near the postsynaptic density (10). Astrocytes can express mGluR3 and mGluR5 (reviewed
in ref. 11) and outside the brain, mGluRs occur, for example, in the heart (12). Group I receptors are
coupled to Gq-proteins, which, by activating phospholipase C, produce inositol triphosphate (IP3),
which then activates the endoplasmic IP3 receptor and triggers the release of calcium from intracellular
stores. Group I receptors also activate or inhibit voltage-gated ion channels. Group II and III receptors
couple to Gi/G0 proteins that either block adenylate cyclase or calcium channels or activate potassium
channels. An example of the different signaling pathways as occurring in the CA1 area of the hip-
pocampus is shown in Fig. 1. The figure also displays the interaction of mGluRs with other receptors
and ion channels.

From: Contemporary Clinical Neuroscience: Glutamate and Addiction
Edited by: Barbara H. Herman et al. © Humana Press Inc., Totowa, NJ
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Table 1
Established and Commonly Used Compounds That Can Distinguish Among mGluR Receptor
Groups and Between mGluR1 and mGluR5

Receptor Effectors Agonists Antagonists

Group1 mGluR1 Gq DHPG LY367385,CPCCOEt
mGluR5 Gq CHPG, CBPG, DHPG MPEP

GroupII mGluR2 Gi/G0 LY354740, APDC, DCG-IV LY341495a

mGluR3 Gi/G0

GroupIII mGluR4 Gi/G0 L-AP4, L-SOP, PPG MAP4
mGluR6 Gi/G0

mGluR7 Gi/G0

mGluR8 Gi/G0

Note: For further information, see, for example, 9. The full names of the abbreviated compounds in alphabetical order
are as follows: L-AP4, L-(+)-amino-4-phosphonobutyric acid; APCD, 4-aminopyrrolidine-2,4-dicarboxylic acid; CBPG,
(S)-(+)-2-(3′-dicarboxycyclopropyl(1.1.1)pentyl)-glycine; CHPG, (R,S)-2-chloro-5- hydroxyphenylglycine; CPCCOEt,
cyclopropan[b]chromen-1a-carboxylate; DCG-VI, (2′S,2′R,3′R)-2-(2′3′-dicarboxycyclopropyl)glycine; DHPG,
3,5-dihydroxyphenylglycine; LY341495, 2S-2 amino-2-(1S,2S-2-carboxycyclopropan-1-yl)-3-xanth-9-yl)propanoic
acid; LY354740,(1S,2S,5R,6S)-(+)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid; LY367385, (+)-2-methyl-4-
carboxy-phenylglycine; MAP4, α-methyl-L-amino-4-phosphonobutyrate; PPG, (R,S)-4-phosphonophenylglycine;
L-SOP, L-serine O-phosphate.

a Note that at high concentrations, the group II mGluR antagonist LY341495 can also block group III and I receptors.

Fig. 1. Example of physiological roles of mGluRs at the Schaffer collateral synapse in CA1 in the hippocam-
pus. mGluR5 and mGluR7 are located in the presynaptic terminal, where they inhibit glutamate release directly by
effects on the release machinery or indirectly by inhibiton of voltage-gated calcium channels. mGluR5 is
expressed at the postsynaptic terminal which increases pyramidal cell excitability by reducing potassium currents.
Moreover, mGluR5 activation can potentiate NMDA receptor-mediated currents. Inhibitory GABA-ergic terminals
express group I mGluRs, and by inhibiting GABA release, they can indirectly increase pyramidal cell excitability.
Finally, glial cells express mGluR3. There is evidence that glial mGluR stimulation leads to release of a neuropro-
tective factor. Also, mGluR3 activation can potentiate β-adrenergic responses, leading to release of cAMP or
adenosine, which stimulates A1 adenosine receptors and reduces glutamate release from the presynaptic terminal.
(From ref. 13, with permission.) (Color illustration in insert following p. 142.)
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Some mGluRs are alternatively spliced. Alternative splicing in translated regions occurs only at the
C-termini in mGluR1, 4, 5, 7, and 8, as shown Fig. 2. In some cases, alternative splicing leads to dif-
ferent interactions with other signaling molecules (see Section 2.2.).

2.2. Association with Other Intracellular Signaling Proteins and Targeting Proteins
In addition to mGluR signaling via G-protein cascades, mGluR interactions with other signaling

molecules are being discovered. For example, group I mGluRs with homologous C-termini (mGluR1a
and mGluR5) couple to Homer proteins (16). Constitutively expressed Homer proteins (the long forms
of Homer 1b, 1c, 2, and 3) physically link mGluR1a or mGluR5 to the endoplasmic IP3 receptor. This
signaling complex can be disrupted by the truncated Homer 1a, which is up-regulated as an immediate
early gene after certain forms of long-term potentiation and after seizures. Similarly, the long Homer
forms inhibited group I mGluR-mediated regulation of N-type calcium channels and M-type potas-
sium channels, whereas the truncated forms did not (17). Moreover, Homer interacts with the scaffold
protein Shank, which links Homer to many other cytoplasmic and membrane proteins. By virtue of its
ability to bridge receptors and cytoplasmic proteins, Homer controls the trafficking of mGluR1a and
mGluR5 into and out of synapses (18).

In addition to linking mGluRs to signaling molecules, the mGluR C-termini can be involved in
receptor targeting, as observed in other receptors. For example, the last 60 amino acids target mGluR7
to axons and dendrites, whereas mGluR2 is excluded from axons (19). Calmodulin binds to C-termi-
nal regions of mGluR5 and mGluR7, which are also phosphorylated by protein kinase C (PKC)
(20–22). Calcium/calmodulin binding and PKC phosphorylation are mutually occlusive, similar to
their roles at NMDA receptors (see Section 3.7.). Moreover, mGluR7 seems to be able to associate
with the PKC α-subunit and protein interacting with C-kinase 1 (PICK1), because they can be coim-
munoprecipitated from transfected COS cells and PICK1 can reduce phosphorylation of mGluR7a in

Fig. 2. Schematic representation of splice variants of mGluR proteins. Only translated regions are depicted;
alternative splicing in untranslated regions is not shown. The seven transmembrane domains are shown in black.
The different C-terminal domains are indicated by different patterns. (A) Group I mGluRs. The mGluR1a C-tail is
homologous to those of mGluR5a and mGluR5b (all shown in gray). The C-terminal domains of mGluR5a and
mGluR5b are the same. (B) Within the group III mGluRs, no homology between C-terminal domains is found.
Adapted from ref. 7; new splice variants for mGluR7 and mGluR8 (14,15) are added.
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vitro (23). PICK1 also interacts with AMPA receptors (see Section 3.6.). Thus, an extensive network
of cytoplasmic proteins exists that serve to anchor, target, and modulate metabotropic glutamate
receptors. As described in the following section, many of these proteins play similar roles for the
ionotropic glutamate receptors.

The mitogen-activated protein (MAP) kinase ERK2 can be activated by mGluR stimulation, by a
G-protein-mediated mechanism (24,25). However, a G-protein-independent mGluR1 signaling path-
way appears to occur in CA3 pyramidal cells, because a transient activation of a cation conductance
follows activation of a Src-family kinase (26).

3. IONOTROPIC RECEPTORS

3.1. Ionotropic Receptor Classes and Their Subunits
The main features of ionotropic glutamate receptors will be discussed here. Additional information

can be found in more extensive reviews (e.g. refs. 3, 27, and 28). Studies on glutamate receptor
knock-out and transgenic mice are summarized in other reviews (29,30) and information on the
ionotropic glutamate receptor promoters can be found in ref. 30. The mammalian ionotropic gluta-
mate receptors are divided into three classes according to their subunit composition and pharmacol-
ogy. They are named after their high-affinity agonists: AMPA receptors containing the GluR1–4 or
GluRA–D subunits; kainate receptors comprising GluR5-7, KA1, and KA2 subunits; and N-methyl-D-
aspartate (NMDA) receptors with the subunits NR1, NR2A–D, and NR3A (Table 2). The two dis-
tantly related orphan receptors, δ1 and δ2, do not form functional homomeric channels. However,
neurodegeneration in the Lurcher mouse is caused by a δ2 mutation that produces a constitutively
active, Ca2+-permeable channel resembling an AMPA or kainate receptor (31,32).

Table 2
Glutamate Receptor Subunits and Their Genes

Receptor Chromosome GenEmbl accession numbers

Group Family Subunit Gene (human) Mouse Rat Human

1 AMPA GluR1 GRIA1 5q33 X57497 X17184 157354
1 AMPA GluR2 GRIA2 4q32–33 X57498 M85035 A46056
1 AMPA GluR3 GRIA3 Xq25–26 M85036 X82068
1 AMPA GluR4 GRIA4 11q22–23 M36421 U16129
2 Kainate GluR5 GRIK1 21q21.1–22.1 X66118 M83560 U16125
2 Kainate GluR6 GRIK2 6q16.3–q21 D10054 Z11715 U16126
2 Kainate GluR7 GRIK3 1p34–p33 M83552 U16127
3 Kainate KA-1 GRIK4 11q22.3 X59996 S67803a

3 Kainate KA-2 GRIK5 19q13.2 D10011 Z11581 S40369
4 NMDA NR1 GRIN1 9q34.3 D10028 X63255 X58633
5 NMDA NR2A GRIN2A 16p13.2 D10217 D13211 U09002
5 NMDA NR2B GRIN2B 12p12 D10651 M91562 U28861a

5 NMDA NR2C GRIN2C 17q24–q25 D10694 D13212
5 NMDA NR2D GRIN2D 19q13.1qter D12822 D13214 U77783
6 NMDA NR3A GRIN3Ab L34938
7 Orphan δ1 GRID1 D10171 Z17238
7 Orphan δ2 GRID2 4q22 D13266 Z17239

a Partial sequence.
b as proposed in ref. 3.
Source: ref. 3, with permission
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Ionotropic glutamate receptors are expressed in the spinal cord and in the brain, with high expres-
sion mainly in neurons. However, functional ionotropic glutamate receptors and their subunits are also
found in astrocytes, oligodendrocytes, and glial precursor cells (reviewed in refs. 11 and 33), and in
microglia (34). Moreover, ionotropic glutamate receptor expression has also been found outside the
brain [e.g., in the heart (35) and in the male lower urogenital tract (36)]; receptors were shown to be
functional in pancreatic islet cells (37,38). Moreover, in the skin, glutamate receptors appear to play a
role in pain perception (39, and references therein). Thus, drugs impermeable to the blood-brain bar-
rier that are targeted to glutamate receptors might find uses in several clinical situations.

Although most ionotropic glutamate receptors are localized postsynaptically, recently NMDA
receptor immunoreactivity has also been found on presynaptic terminals (40,41).

3.2. Subunit Composition and Stoichiometry
Subunits of each class assemble into cation channels, which are mainly permeable to sodium,

potassium, and, to a varying degree, calcium; GluR6 receptors containing R at the Q/R editing site (see
Section 3.4.) are also permeable to chloride (42). In native and recombinant receptors, to date only
subunits within a given family have been shown to coassemble (e.g., AMPA receptor subunits assem-
ble with AMPA but not kainate or NMDA receptor subunits). The properties of the receptor are deter-
mined by which subunits assemble and only certain recombinant subunit compositions have been
found to form functional channels. Coimmunoprecipitation of two subunits by an antibody directed
against one subunit has been used to suggest which subunits coassemble in native receptors (Table 3;
also see review in ref. 49). The very N-terminal regions of AMPA receptor subunits appear to deter-
mine the specificity of subunit assembly (50,51).

Recombinant AMPA receptor subunits seem to assemble in all combinations as homomers or het-
eromers. Most cells in the brain express more than one AMPA receptor subunit mRNA, and immuno-
precipitations from the hippocampal CA1 field revealed mainly heteromeric complexes (47).
Functional kainate receptors appear to require the expression of GluR5, GluR6, or GluR7; KA1 or
KA2 have not been found to form functional channels by themselves.

In mammalian cells, functional NMDA receptors require the expression of NR1 subunits together
with one or more NR2 subunits. The NR2 subunits influence many properties of the receptor, e.g.,
desensitization and deactivation rates (reviewed in ref. 3).

Table 3
Subunits That Were Coimmunoprecipitated from Various Brain Regions

Location Subunits Reference Ref. no.

Forebrain NR1 + NR2A + NR2B Chazot and Stephenson, 1997 43
Adult rat cerebral Major: NR1 + NR2A + NR2B Luo et al., 1997 44

Minor: NR1 + NR2A
Minor: NR1 + NR2B

Rat neocortex NR1 + NR2A + NR2B Sheng et al., 1994 45
Adult rat cerebral NR1 + NR2A + NR2D Dunah et al.,1998 46

NR1 + NR2B + NR2D
CA1 hippocampus Major GluR1 + GluR2 Wenthold et al., 1996 47

Major GluR2 + GluR3
Minor GluR1 alone
Minor GluR1 + GluR3

Cerebellum GluR1 + GluR4 Ripellino et al., 1998 48
GluR6/7+KA2a

a GluR6 and 7 could not be distinguished.
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It is still not clear whether ionotropic glutamate receptors are tetrameric or pentameric. At least two
different NR1 splice variants can coexist in one receptor complex (52,53), which implies that there can
be more than one NR1 subunit in one complex. Hawkins et al. (54), using FLAG- and c-myc-tagged
NR2B subunits, showed that the NMDA receptor can contain three NR2 subunits: one NR2A and two
NR2B subunits. Assuming that two NR1 subunits occur in the NMDA receptor complex, a pentamer is
possible, although most biophysical studies are more consistent with a tetrameric structure (e.g., refs.
55–57, but see refs. 58 and 59). Convincing resolution of this issue will require large-scale receptor
purification or perhaps high-resolution imaging of the receptors.

3.3. Topology and Crystal Structure
The transmembrane topology of the ionotropic glutamate receptor subunits with four domains

buried in the membrane (M1–M4) is shown in Fig. 3A. Only three of the membrane-buried regions are
transmembrane domains (M1, M3, and M4). The M2 domain is a re-entrant loop and contributes key
amino acid residues to the inner wall of the open channel. With their M2 loop, GluRs resemble more
the potassium channel structure than other receptor ion channels with four transmembrane domains
(e.g., nicotinic acetylcholine receptors). Part of the extracellular N-terminus and the region between
M3 and M4 form a clamshell-like agonist-binding site (Fig. 3B–D), which was crystallized and the
structure solved for the GluR2 subunit by Armstrong et al. (60). A conserved amino-acid-binding
pocket is proposed to exist in all glutamate receptors. This pocket is formed from two globular
domains (S1 and S2) drawn from the sequence adjacent to the M1 domain and the M3–M4 loop,
respectively. One interesting conclusion from the crystal structure is that the ligand-binding pocket
appears to be contained within a single subunit rather than lie at an interface between two or more sub-
units. This arrangement could therefore result in multiple agonist-binding sites in each functioning
receptor. Kainate binds deep within the S1–S2 cleft, in the process contacting both lobes of the closed
form of the clamshell structure. Agonist binding and subsequent closure of the clamshell structure
could lead to channel opening by creating a mechanical force or torque on the receptor that is transmit-
ted to the transmembrane region, which, in turn, could increase the likelihood that the channel struc-
ture itself undergoes a conformational change to the open state (60,61).

3.4. Splice and Editing Variants
Several splice variants are known for most ionotropic glutamate receptor subunits (Fig. 4) and the

different exons confer various properties. Among the AMPA receptors, the alternative flip or flop
exons determine the desensitization kinetics of the receptor. The flip variants are typically more
slowly desensitizing and are expressed in embryonic and adult animals, whereas flop variants appear
later around postnatal d 8 in rats and continue to be expressed in adult animals. Similar to the
metabotropic glutamate receptors, alternatively spliced C-termini occur for most of the AMPA and
kainate receptor subunits with as yet largely unknown function (but see Sections 3.6. and 3.7.).
Among NMDA receptor subunits, only the NR1 subunit is known to be alternatively spliced, namely,
in exons 5, 21, and 22. This results in three NR1 C-terminal isoforms, named C1, C2, and C2′, and
within the N-terminal NR1 domain, exon 5 (domain N) can be present or absent. So far, no splice vari-
ants among the NR2 subunits have been found. Relative to the NR1 subunit, NR2 subunits contain a
much longer intracellular C-terminus.

Among the AMPA and kainate receptor subunits, GluR1-6 pre-mRNAs are subject to editing, a
process that changes a single amino acid codon (Fig. 4A,B; reviewed in ref. 62). In each case, editing
involves an intronic sequence that forms a loop with the exonic region, in which a selected adenosine
is recognized by an RNA-modifying enzyme. The editing enzyme deaminates adenosine to inosine,
which base pairs like guanosine and changes the codon. Two of the known RNA-editing enzymes,
ADAR1 and ADAR2, appear to edit glutamate receptor subunits with different substrate specificities
(62,63). In normal rodents or humans, GluR2 mRNAs are >99% edited at the Q/R site in M2, whereas
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GluR5 and GluR6 are only partially edited at this site; in each case, editing increases the subunit’s cal-
cium permeability and (for GluR2) single-channel conductance (see Section 4). Editing at the other
sites, R/G in GluR2–4, which accelerates recovery from desensitization, and I/V and Y/C in M1 of
GluR5–6, which changes ion permeability in GluR6Q, changes during development. The importance
of GluR2 editing is highlighted by the findings that both GluR2 editing-deficient mice (64) and
ADAR2 knockout mice (65) are prone to seizures and die young. Moreover, the ADAR2 knockout

Fig. 3. Glutamate receptor topology and crystal structure of the agonist-binding pocket. (A) Schematic of an
ionotropic glutamate receptor subunit with the two domains that contain agonist-binding residues colored in
orange (S1) and turquoise (S2). The general topology with the M2 re- entrant loop is common to all ionotropic
glutamate receptors. However, the Q/R editing site indicated by a red asterix in M2 occurs only in GluR2, 5, and
6. Moreover, the region preceding M4 in violet is only alternatively spliced in AMPA receptor subunits, resulting
in the flip or flop exons. Note that the intracellular C-terminal region varies considerably in length between NR2
subunits and the other glutamate receptor subunits with a short C-tail. (B) Space-filled representation of the crys-
tallized kainate-bound S1 and S2 domains joined by an 11-residue linker peptide, in the same colors as in (A).
The helical flop region is located on a solvent-exposed face of the protein. The position of a single kainate agonist
molecule (black) within a deep gorge of the protein is indicated; the two disulfide-bonded cysteines (C718 and
C773) are shown in yellow. (C) Backbone representation of the subunit, with kainate (black) docked into its bind-
ing site. The kainate-binding residues are shown as stick figures in magenta, the two cysteines in yellow, and the
flop helix structure in violet. The two green residues (E402 and T686) do not directly bind to kainate but, instead,
interact with each other, helping to hold the clamshell in the closed conformation. Red asterisks mark the posi-
tions of S662 and S680 (lower left), which are important in GluR6 for PKA phosphorylation, and N721 (adjacent
to the yellow C722), which controls agonist sensitivity in GluR5 and GluR6. (D) Close-up view of the ligand-
binding pocket. The binding residues are in space-filled representation, with atoms colored conventionally (gray
= carbon, light blue = nitrogen, red = oxygen). [From ref. 3 with original pdb files kindly provided by E. Gouaux
(60).] (Color illustration in insert following p. 142.)



10 Borges and Dingledine

Fig. 4. Splice and editing variants of alternatively spliced ionotropic glutamate receptor subunits. The
diagram shows the basic structures of ionotropic glutamate receptor subunits, the regions buried in the mem-
brane (white boxes, M1–M4), and the alternatively spliced cassettes (boxes with different patterns). Within
the AMPA, kainate, or NR1 subunit variants, the homologous alternatively spliced domains are indicated by
the same pattern. (A) AMPA receptor subunits with flip/flop and C-terminal splice variants. The position of the
Q/R and R/G editing sites are indicated.(B) Rat(prefix r) and human (prefix h) kainate receptor subunits with
C-terminal and N-terminal splice variants. The editing sites I/V, Y/C, and Q/R in the M1 and M2 domains of
kainate receptor subunits are shown. (C) Alternative splicing of NR1. Exons 5, 21, and 22 are alternatively
spliced, giving rise to the cassettes N1, C1, C2, and C2′. No splice variants of the NR2 subunits are known at
this time.
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mice were rescued when both GluR2 alleles (Q) were modified to encode for the edited (R) version of
GluR2, suggesting that GluR2 is the physiologically most important substrate of ADAR2 (65).

3.5. Phosphorylation
Phosphorylation modulates the function of AMPA, kainate, and NMDA receptors (summarized in

ref. 3) and is associated with synaptic plasticity. For example, phosphorylation of GluR1 at Ser831 by
calcium calmodulin kinase II (CAMKII) increases AMPA receptor-mediated current flow and is one of
the mechanisms by which long-term potentiation (LTP) occurs. In contrast, during long-term depres-
sion, GluR1 is dephosphorylated at protein kinase A (PKA) phosphorylation site, Ser845, decreasing
the opening probablility of AMPA receptors. The GluR2–4 subunits do not contain these two phospho-
rylatable serines. Instead, GluR2 can be phosphorylated at Ser880 by PKC, which is located within the
sequence critical for PDZ domain binding. GluR2 phosphorylation at Ser880 decreases GRIP1 bind-
ing (66,67; see Section 3.6). Moreover, Ser842 of GluR4 can be phosphorylated by PKA, PKC, and
CAMKII, and Thr830 is a potential PKC phosphorylation site (68).

Phosphorylation of NMDA receptors at several sites increases ionic currents through activated
receptors. PKC phosphorylation increases the opening probability of NMDA receptors (69). How-
ever, it is not clear whether the identified PKC phosphorylation sites, Ser890, Ser896, and Thr879
in the alternatively spliced C1 domain of NR1, confer the effect (70). Phosphorylation of Ser890
also inhibits receptor clustering. Little is known about NMDA receptor phosphorylation by PKA
and CAMKII, although at least two sites can be phosphorylated: Ser897 in the C1 domain of NR1
by PKA and Ser1303 in NR2B by CAMKII. Tyrosine phosphorylation of NMDA receptors is
another way to increase NMDA receptor currents. The endogenous tyrosine kinase Src phosphory-
lates three C-terminal tyrosines (Y1105, Y1267, and Y1387) in NR2A, which reduces Zn2+ block-
ade, thereby potentiating the receptor (71; see Section 4.3.1.). The potentiation of NMDA receptor
currents by Src is one mechanism leading to LTP in CA1 pyramidal cells (72). Another tyrosine
kinase that phosphorylates NR2A and NR2B is Fyn. Fyn knock-out mice are impaired in LTP and
spatial learning (73).

3.6. Association with Intracellular Proteins
The application of the yeast two-hybrid system resulted in the cloning of many intracellular pro-

teins that associate with glutamate receptors, in most cases at their C-terminus. Many of these proteins
contain three PDZ domains (named after the proteins PSD-95, Dlg, and ZO1, all of which contain the
domain), one src homology domain 3 (SH3), and a guanylate kinase (GK) domain, and thus belong to
the PSD-95 or synapse-associated protein (SAP) family (reviewed in ref. 74). Other glutamate recep-
tor-associated proteins do not contain PDZ domains or are signaling molecules. Most of these proteins
seem to play a role in receptor membrane insertion [e.g., N-ethylmaleimide-sensitive protein (NSF)],
anchoring to the cytoskeleton, clustering, localization, or forming signaling complexes with different
signaling molecules.

The interactions of intracellular proteins with AMPA receptors are reviewed by Braithwaite et al.
(75). GluR2, GluR3, and GluR4c have a similar C-terminal sequence [IESV(V/I)KI] containing a
PDZ-binding domain. This sequence interacts with three proteins containing seven PDZ domains,
GRIP and AMPA receptor-binding protein (ABP or GRIP2), and a shorter splice variant of the latter
containing six PDZ domains. Moreover, depending the phosphorylation state, they interact with
PICK1, which seems to be involved in AMPA receptor clustering and also binds to mGluR7a.
Recently, Hayashi et al. (76) proposed that a GluR1 C-terminal sequence (TGL) also interacts with
PDZ domains. They showed delivery of GFP-tagged GluR1 into synapses mediated by CAMKII or
LTP. The delivery was blocked by mutating the predicted C-terminal PDZ interaction site to AGL, but
not by mutating the CAMKII phosphorylation site Ser831. Thus, LTP seemed to depend on
GluR1–PDZ domain interactions.
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GluR2 interacts with NSF, a protein without PDZ domains and involved in membrane-fusion
events, such as exocytosis of synaptic vehicles. NSF seems to act as a chaperone for AMPA receptor
(re-)insertion into the membrane (see also review in ref. 77). Moreover, SAP-97 is one the proteins
belonging to the SAP family that binds AMPA, kainate, and NMDA receptors, and GluR6 can bind
to PSD-95.

NMDA receptor subunits bind to a vast number of SAP proteins, including PSD-95 (NR2A).
NR2A, B , and C can also interact with PSD-93/chapsyn 110, SAP97, and SAP102 (e.g., reviewed in
ref. 78). These proteins associate to other proteins building a scaffold and bridging to the cytoskele-
ton, such as CRIPT – microtubuli, MAP1A, GKAP, SAP90/PSD-95-associated proteins (SAPAPs),
or neuroligin (see section 3.8.). Proteins lacking PDZ domains but interacting with NMDA receptor
subunits are neurofilament subunit L (NR1), yotiao (NR1), α-actinin (NR1, NR2B), and spectrin
(NR2A and B). Additional proteins, with an as-yet unidentified function, were identified recently by
mass spectrocsopy (79).

3.7. Non-isotopic Signaling Cascades
Traditionally, ionotropic receptors signal by ion flux through their ion channels. However, recent

studies reported new signaling mechanisms, such as association with G-proteins, protein tyrosine
kinases, or calmodulin. For example, AMPA receptors have been reported to be associated with Gαil

(80), and pertussis toxin-sensitive MAP kinase activation was observed after AMPA receptor activa-
tion (81). Furthermore, in retinal ganglion cells, an AMPA-induced suppression of the cGMP-gated
current could be blocked by pertussis toxin (82). Moreover, the C-tail of GluR2 was found to associate
with the Src-family kinase Lyn, and in cerebellar granule cell cultures, stimulation of AMPA receptors
resulted in Lyn activation and subsequent MAP kinase activation (83). Finally, kainate receptors may
couple to Gi/G0 proteins in the hippocampus and inhibit GABA release presynaptically (84,85).

NMDA receptors coimmunoprecipitate with Src protein and phospholipase C, and the NR2B C-tail
has a high affinity for autophosphorylated CAMKII. Moreover, the C-terminus of the NR2D subunit
can associate with the SH3 domain of c-Abl, but not other tested tyrosine kinases, and inhibit c-Abl
(86). Furthermore, the calcium-dependent binding of calmodulin to the C1 cassette of NR1 can be
weakened by PKC phosphorylation. Both PKC phosphorylation and calmodulin binding weakens the
association of NR1 with spectrin.

3.8. Extracellular Proteins Binding Glutamate Receptors
A new concept is the bridging of receptors and ion channels across the extracellular space in the

central nervous system (CNS) (reviewed in ref. 87), which was first discovered at the neuromuscular
junction. For example, PSD-95 can form a link between NMDA receptors and neuroligin. Neuroligin
is a protein with a single transmembrane domain that is expressed at the postsynaptic membrane and
can associate in the extracellular space with neurexin. Neurexin binds to the PDZ domain of CASK,
which, via its SH3 domain, binds to calcium channels located in the presynaptic membrane. Neuroli-
gin can induce presynaptic differentiation in neurons. Another secreted surface molecule that clusters
GluR1-3 is Narp (neuronal activity-regulated pentraxin). Narp was cloned as an immediate early gene
with a long half-life induced by seizures (88). Narp is expressed presynaptically and postsynaptically
at excitatory synapses in the hippocampus and the spinal cord and induces GluR1 aggregation (89).

4. GENERAL FEATURES OF SYNAPTIC POTENTIALS MEDIATED 
BY GLUTAMATE RECEPTORS

Glutamate released from presynaptic terminals activates both presynaptic and postsynaptic
metabotropic receptors to modulate synaptic transmission. Glutamate also activates all ionotropic
receptors and mediates the vast majority of “fast” synaptic transmission in the CNS, whereas aspartate
is an agonist at NMDA but not AMPA receptors.
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In neurons, the kinetics, pharmacologic sensitivity, and Ca2+ permeability of glutamatergic excita-
tory post synaptic potentials (EPSPs) are strongly influenced by which ionotropic receptors are acti-
vated and their subunit composition. Rapid desensitization of AMPA receptors coupled with a slow
onset of NMDA receptor activation causes glutamatergic EPSPs in most brain regions to be biphasic
(Fig. 5). The early component (lasting 10–20 ms) is dominated by AMPA receptors and the later com-
ponent (up to several hundred milliseconds) by NMDA receptors.

Three classic features of NMDA receptor activation—glycine action, Mg2+ block, and high Ca2+

permeability—will be summarized briefly. The amino acid glycine was originally reported to potenti-
ate NMDA receptor activation (90), but shortly thereafter was recognized to be an essential coagonist
at NMDA receptors (91). NMDA receptors are thus the first and still the only neurotransmitter recep-
tor known to require simultaneous activation by two agonists. Mg2+ is a voltage-dependent channel
blocker of NMDA receptors, the block being very strong at hyperpolarized potentials (–80 mV and
below), but progressively relieved by depolarization. Synaptic plasticity mediated by NMDA receptors
is thus associative in nature, dependent on relief of the Mg2+ block by AMPA receptor-mediated depo-
larization. NMDA receptor-linked synaptic plasticity is mediated by a high Ca2+ flux through open
NMDA receptor channels.

The Ca2+ permeability of AMPA and kainate receptors depends on the presence or absence of
editing in the Q/R site, receptors containing exclusively unedited subunits exhibiting much
higher Ca2+ permeability than edited receptors (Figs. 3 and 4A,B). Among the AMPA receptors,
only the GluR2 subunit mRNA is edited at the Q/R site, with the consequence that receptors lack-
ing GluR2 are about four times more permeable to Ca2+ than to Na+ or K+ (92). A glutamine (Q)
or arginine (R) residing in the Q/R site of all known functional kainate receptor subunits also
influences their Ca2+ permeability. The homologous amino acid in NMDA receptor subunits is
asparagine, which endows all NMDA receptors with high Ca2+ permeability. Indeed, replacement

Fig. 5. Dual-component excitatory postsynaptic potential. Shown are simulated EPSPs based on recordings
from hippocampal interneurons in the presence of bicuculline to block postsynaptic GABAergic inhibitory postsy-
naptes potential (IPSPs). The AMPA and NMDA receptor components and their algebraic sum are indicated.
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by site-directed mutagenesis of this asparagine with an arginine produces NMDA receptors with
very low Ca2+ permeability, similar to that of GluR2-containing AMPA receptors (93). Likewise,
replacement of the arginine in GluR2 with glutamine results in a receptor with high Ca2+ permeabil-
ity. From these findings and others in which the permeability of receptors containing mutations in
the pore region has been evaluated (e.g., ref. 94) it is concluded that the cation “selectivity filter” is
similar among all glutamate receptors.

The high Ca2+ permeability of NMDA and certain AMPA and kainate receptor channels leads to the
transient activation of several Ca2+-activated enzymes, including Ca2+/calmodulin-dependent protein
kinase II, the phosphatase calcineurin, protein kinase C, phospholipase A2, phospholipase C, and nitric
oxide synthase. Activation of one or more of these enzymes is thought to be at the root of synaptic
plasticities mediated by Ca2+ permeable NMDA and AMPA receptors; for example, CAMKII can
induce LTP by phosporylating GluR1, leading to potentiation of AMPA receptor-mediated currents
(section 3.5.).

4.1. Synaptic Functions of Metabotropic Receptors
Postsynaptically located metabotropic glutamate receptors modulate both transmitter-activated and

voltage-gated ion channels and thereby influence the strength of synaptic transmission. Both L-type
and N-type Ca2+ channels are inhibited by activation of group I or II mGluR, and L-type channels are
additionally inhibited by group III mGluR activation. Inhibition of Ca2+ entry presumably contributes
to the observed reduction of Ca2+-dependent K+ currents in many neurons, but in cerebellar granule
cells, mGluR activation increases the activity of Ca2+-dependent and inwardly rectifying K+ channels.
The net effect on excitability is thus difficult to predict. Many ligand-gated channels are also modu-
lated by mGluRs including AMPA, NMDA, and GABAA receptors. Whether activation of mGluR acts
to inhibit or potentiate a receptor is often cell-specific. For example, in hippocampal pyramidal cells,
mGluR activation potentiates NMDA receptors (see Fig. 1), but in cerebellar granule cells, mGluR
activation inhibits NMDA receptors. In both cases, the effect is reduced by protein kinase C inhibitors.

Some mGluRs are located presynaptically and serve as autoreceptors that limit transmitter release.
For example, glutamate-mediated EPSPs are reduced by activation of group II mGluRs at mossy fiber
terminals onto CA3 hippocampal pyramidal neurons and by activation of group III mGluRs on Schaf-
fer collateral synapses made onto CA1 pyramidal cells (see Fig. 1). The mechanism may involve
reduction of Ca2+ entry into the presynaptic terminal.

4.2. Glial Glutamate Receptors
We mainly emphasize the synaptic roles of glutamate receptors expressed by neurons. However,

there is increasing evidence that glial glutamate receptors also play physiological roles in the brain
(see reviews in refs. 33 and 95). The most direct evidence for activation of glial glutamate receptors by
neuronally released glutamate was obtained recently for oligodendrocyte precursor cells in the hip-
pocampus of young and mature rats (96). Schaffer collateral/commissural fiber stimulation led to
AMPA receptor-mediated EPSCs in oligodendrocyte precursor cells, which were identified by
immunostaining and electron microscopy. Moreover, electron microscopy revealed glutamatergic
synapses from boutons onto oligodendrocyte precursor cells that had been physiologically identified
and filled with biocytin. The function of the glutamatergic input onto oligodendrocyte precursor cells
in vivo is yet unknown. In vitro, glutamate receptor activation of oligodendrocyte precursor cell cul-
tures inhibits their proliferation and maturation into oligodendrocytes (97)

Evidence for mGluR receptor activation by neuronally released glutamate in astrocytes in situ is
accumulating. Serveral studies reported a rise of intracellular calcium concentration, calcium waves,
or oscillations in astrocytes after electrical stimulations of adjacent nerve fibers (98–100). For exam-
ple, Schaffer collateral stimulation led to intracellular calcium waves in astrocytes in the stratum
radiatum in situ (99). Astrocytic calcium waves appeared to not be a consequence of transient potas-
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sium release from activated neurons, but rather to activation of glial glutamate receptors. First, astro-
cytic calcium waves could be blocked by an mGluR antagonist, which had a negligible effect on
(neuronal) field potentials. Second, the calcium waves were not blocked by the ionotropic glutamate
receptor antagonist kynurenate, which blocked the postsynaptic response. Moreover, work from
Winder et al. (101) strongly suggests that in the rat hippocampal CA1 region, glia and not neurons
contain the metabotropic group II receptor mGluR3 and that the coactivation of group II
metabotropic glutamate and β-adrenergic receptors occurs in glia and not in CA1 pyramidal neurons
(see Fig. 1).

4.3. Subunit-Dependent Modulation of Ionotropic Glutamate Receptors
The classical competitive blockers of the glutamate site on NMDA receptors are phosphono deriva-

tives of short-chain (five to seven carbons) amino acids such as 2-amino-5-phosphonopentanoic acid.
In contrast, the glycine site of NMDA receptors, as well as the glutamate sites of AMPA and kainate
receptors, are competitively blocked by halogenated quinoxalinediones and kynurenic acid derivatives.
However, numerous compounds have been identified that act on modulatory sites of NMDA receptors
and, to a lesser extent, AMPA and kainate receptors. We will concisely review the pharmacology of
these modulatory sites, particularly as they relate to cognitive or addictive processes.

4.3.1. Noncompetitive Antagonists of NMDA Receptors
Several addictive or abused drugs inhibit NMDA receptors, often in a subunit-dependent fashion.

Ethanol noncompetitively inhibits recombinant or native NMDA receptors at intoxicating concentra-
tions, inhibition being more pronounced at NR2A- or NR2B-containing receptors than those with
NR2C or NR2D (102). Inhibition of NR1/NR2A (but not NR2B) receptors was reduced by expression
of α-actinin protein (103), which links the NR1 and NR2B subunits to actin and thus to the cytoskele-
ton (104). Interestingly, treatment of ethanol-dependent mice with a selective NR2B-containing
NMDA receptor antagonist, ifenprodil, reduced the intensity of ethanol withdrawal signs (105). More-
over, chronic exposure of mice to ethanol increased expression of NR2B subunit protein in the limbic
forebrain; the two findings together are suggestive of a role for NR2B upregulation in the development
of physical dependence to ethanol (105). At higher concentrations, ethanol also inhibits native AMPA
receptors expressed by neurons of the medial septum/diagonal band (106).

Nitrous oxide (laughing gas) at anesthetic concentrations and toluene, two inhaled drugs of abuse,
are noncompetitive NMDA receptor blockers (107,108). The effect of toluene is strongest at NR2B-
containing receptors, but little is known about the nitrous oxide effect.

Protons inhibit NMDA receptors that lack exon 5 of the NR1 subunit, with half-inhibition near pH
7.4; exon 5 is a very basic short extracellular loop that is thought to act as a tethered modulator of
NMDA receptor gating (109). Ifenprodil is the exemplar of an important class of NR2B-selective
NMDA receptor antagonists. These drugs inhibit receptor activation by potentiating proton inhibition
of the receptors (110). Inhibition by ifenprodil is occluded if the NR1 subunit contains exon 5. Zinc
appears to play a similar role for NR2A-containing NMDA receptors (111,112). Paoletti et al. (113)
have proposed a structure near the N-terminus of NR2A that binds zinc in a clamshell-like cleft
(Fig. 6); presumably, a similar structure in NR2B binds ifenprodil and related compounds.

4.3.2. Modulators of Desensitization of AMPA and Kainate Receptors
A prominent molecular determinant of AMPA receptor desensitization is the flip/flop alternative

exon, which is a helical region lying on a solvent-exposed surface of the subunit in the third extracellu-
lar loop (Fig. 3A–C). Receptors with subunits containing predominantly the flop exon have threefold
to fivefold faster desensitization than those with the flip variants (114). Several drug classes, as typified
by cyclothiazide and the cognitive enhancer aniracetam, have been identified that modulate desensiti-
zation of AMPA receptors. The effects of cyclothiazide on AMPA receptors are strongly influenced by
the Ser/Asn residue at position 750. Conversion of Ser750 in GluR1flip to glutamine, which is the
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homologous residue found in the cyclothiazide-insensitive kainate receptors, abolishes cyclothiazide
actions on AMPA receptors (115). Conversely, the introduction of a serine residue into the homolo-
gous site on GluR6 imparts cyclothiazide sensitivity (115).

Kainate receptor desensitization is insensitive to cyclothiazide, but it can be irreversibly reduced by
concanavalin A, a lectin carbohydrate (116). Concanavalin A is effective only for receptors containing
GluR5 or GluR6, but not GluR7, suggesting different glycosylation patterns between GluR7 and
GluR5/6 (117).

5. CONCLUSIONS

The most prominant focus of glutamate receptor pharmacology has been in the fields of stroke,
epilepsy and parkinsonism. However, the cognitive/memory disruption caused by certain NMDA
receptor antagonists and the cognitive enhancement by AMPA receptor modulators or mGluR2 ago-
nists remind us that both ionotropic and metabotropic glutamate receptors play important roles in nor-
mal mental processes. Moreover, there is increasing recognition that synaptic plasticities underlying
components of addiction may be mediated by glutamate receptors whose subunit composition has
been altered during chronic exposure to addictive drugs. In the past decade, much has been learned of
the structure and function of the multiple classes of glutamate receptor. One looks forward to more
precise and targeted study of the roles of particular glutamate receptors or subunits in the addictive or
reward processes with the improved availability of genetically modified mice.
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Fig. 6. Structure of the NR2A subunit as proposed by Paoletti et al. (113). extracellular domains form two
clamshell-like binding domains, both homologous to bacterial periplasmic amino-acid-binding proteins (LIVBP
and LAOPB). The very N-terminal LIVBP-like domain acts as a Zn2+ sensor and the LAOPB-like domain binds
the agonist glutamate. (From ref. 113, with permission of Elsevier Science and P. Paoletti.)
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1. INTRODUCTION

Glutamate is the principal excitatory neurotransmitter in the central nervous system, playing an
essential role in virtually every brain system and their associated behavioral functions. Modulation of
glutamate-mediated neurotransmission is a major way in which the function of the nervous system is
modified in response to experience (see Chapter 4). Drug addiction and the related behavioral and
pharmacological states of sensitization, tolerance, and physical dependence appear to develop and be
maintained in ways that may be functionally equivalent to other neural plasticity phenomena for which
changes in the strength of glutamate-mediated synaptic transmission plays a principal role (cf. ref. 1).
As such, understanding the physiological roles of glutamatergic neurotransmission and its modulation
by drugs of abuse is important in identifying the neurobiological substrates of addiction and relevant
molecular targets for therapeutic intervention. Agents that target glutamate receptors are the main
pharmacological tools available for investigating the functions of glutamatergic synapses and their
roles in behavior. The present chapter is therefore devoted to glutamate-receptor pharmacology and
provides the background necessary to appreciate the use of drugs that target glutamate receptors in the
specific applications discussed in later Chapters. Here, we focus on the specificity of action of these
agents, their particular advantages and disadvantages as tools for neurobiological inquiry, and their
efficacies and side-effect profiles, including information from studies of human subjects where avail-
able. In addition, we briefly consider agents that modify glutamate neurotransmission through effects
on glutamate release, by inhibition of NAALADase, and through effects on the downstream effector
nitric oxide.

In addition to their potential therapeutic roles in a range of neurological and psychiatric disorders
such as epilepsy, stroke, anxiety, depression, chronic pain, and cognitive impairments, drugs affecting
glutamatergic neurotransmission are also potentially important therapeutic modalities in drug-depen-
dence disorders. Basic information on glutamate pharmacology is necessary to guide drug discovery
efforts. Moreover, there is an increasing body of information on the effects of drugs that modify gluta-
mate neurotransmission in human subjects in health and disease. An appreciation of these clinical stud-
ies is crucial for the appropriate selection of drugs for clinical trials in drug dependence.

As noted in other chapters, compounds that modulate glutamatergic transmission can interact with
several types of glutamate receptors, including the ionotropic N-methyl-D-aspartate (NMDA), α-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), and kainate receptors as well as a
diversity of metabotropic receptors, each with unique functional roles and distributions in the central
nervous system. Thus, the potential range of biological effects of glutamate modulators is theoretically
quite diverse and the biological evidence is in concordance with this prediction.
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2. NMDA RECEPTORS

The NMDA receptors are ionotropic receptors that function as cation channels mediating neuronal
depolarization and excitation and play a special role in the induction of synaptic plasticity phenomena.
The receptor has recognition sites for the coagonists glutamate and glycine, as well as for other modu-
latory agents whose binding can alter ion flux through the channel (see Chapter 1; Fig. 1). Agonists at
the glutamate and glycine sites activate the NMDA receptor, leading to excitation. Antagonists at these
sites have the opposite effect of blocking NMDA-receptor gating and dampening excitation. NMDA-
receptor function can also be inhibited by agents that block the ionophore of the channel, that bind to
diverse modulatory sites on the channel, or that alter the redox or phosphorylation state of the channel.
Drugs that modulate the NMDA receptor in these various ways can have diverse behavioral effects and
varying degrees of toxicity. Additional specificity can be determined by the selectivity of certain
agents for NMDA receptors composed of different subunit combinations, each with distinct biophysi-
cal properties and distributions in the nervous system. Other and, in some cases, more exhaustive
reviews of the molecular and behavioral pharmacology of glutamate-receptor systems, which include
extensive discussions of structure–activity relationships, are available (2–5).

2.1. Uncompetitive Antagonists
NMDA receptor–channel blockers are uncompetitive antagonists because their binding and block-

ing action requires the receptor–channel to be gated in the open state. Occupancy of a binding site
within the ionophore of the channel by these compounds prevents the flux of cations through the ion
channel, thus producing a functional block of NMDA-receptor responses (6,7). Unlike competitive
NMDA recognition site antagonists (see Section 2.2.), uncompetitive antagonists share with other non-
competitive antagonists of the NMDA receptor the theoretical advantage that blockade would not be
overcome by high synaptic levels of glutamate. An additional potential advantage of uncompetitive
antagonists is use dependence, in which the inhibitory action may specifically be potentiated at sites of
excessive receptor activation. Nonetheless, these potential advantages may, in some cases, come at the
cost of undesirable side effects.

Blockade of the NMDA-receptor ion channel can be produced by a host of structurally diverse
compounds, including Mg2+, which serves as an endogenous modulator. Compounds that have been
studied most extensively (including, in most cases, studies in humans) are listed in Table 1. Uncom-
petitive antagonists may be divided into two major classes, based on their binding affinities, kinetic
characteristics, and side-effect profiles (8). Dissociative anestheticlike compounds, such as
dizocilpine (MK-801), phencyclidine (PCP), and aptiganel, generally have blocking affinities below
100 nM, have slower rates of binding and receptor dissociation, and exhibit a high degree of trap-
ping. Such compounds have a high behavioral toxicity and a propensity for inducing psy-
chotomimetic effects. Ketamine is a notable exception to this rule in that it exhibits dissociative
anestheticlike behavioral properties, but it has a binding affinity in the range of low-affinity channel-
blocking compounds that are generally less toxic. Dissociative anestheticlike compounds vary in the
degree to which they specifically interact with NMDA receptors to the exclusion of other targets. For
example, PCP binds with high affinity not only to the NMDA-receptor ion channel but can also inter-
act with the dopamine transporter (9,10) and voltage-activated potassium channels (11); N-allyl-
normetazocine (SKF 10,047) is a high-affinity ligand of both NMDA and sigma receptors (12). An
understanding of the full spectrum of the pharmacological activities of these compounds is critical to
assessing their behavioral effects, particularly because sigma receptors and the dopamine uptake car-
rier have been implicated as targets for drugs of abuse. In contrast to the complex pharmacology of
some dissociative anestheticlike agents, dizocilpine is a highly selective uncompetitive NMDA-
receptor antagonist and is not known to affect other receptors or ion channels at concentrations com-
parable to those that block NMDA receptors.
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Uncompetitive NMDA-receptor antagonists exhibit evidence of predicted clinical efficacy in a
host of models of neurological and psychiatric disorders. For example, a series of uncompetitive
antagonists dose-dependently protect against the convulsant effects of cocaine that are not other-
wise robustly sensitive to standard anticonvulsant agents (Fig. 2A). At comparable doses, these
compounds also produce neurological impairment in the inverted-screen test (Fig. 2B). The poten-
cies of these NMDA antagonists to block the convulsant effects of cocaine are positively associated
with their affinities for the ion channel (Fig. 3A). There is also a correlation between binding affin-
ity and propensity to induce ataxia (Fig. 3B). In addition, some of the antagonists produce diverse
behavioral effects characterized as dissociative anestheticlike, including locomotor stimulation

Fig. 1. A representation of the NMDA receptor with associated binding and regulatory domains. (Color illustra-
tion in insert following p. 142.)
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(Fig. 4), stereotypies, and disruptions in learning and memory (cf. ref. 15 and 16). These com-
pounds also produce subjective effects as assessed in drug discrimination paradigms that are similar
to those of PCP. Such PCP-like discriminative stimulus effects generally correlate with affinity for
the NMDA-receptor ion channel (8,17–19). Importantly, the diverse behavioral actions of dissocia-
tive anestheticlike uncompetitive NMDA antagonists occur at doses that are predicted to produce
clinical efficacy. Thus, such agents are expected to exhibit little separation between clinical efficacy
and side effects.

Clinical experience with PCP, ketamine, dizocilpine, and aptiganal has indeed provided evidence of
poor tolerability. These agents all induce troubling behavioral side effects, including hallucinations,
poor concentration, ataxia, sedation, depression, and other symptoms resembling those of schizophre-
nia (20,21). As PCP is a highly abused substance, drug abuse is an additional concern with respect to
the clinical use of drugs in this class. In addition, uncompetitive blockers of the NMDA receptor may
cause cellular toxicity, including neuronal vacuolization at low doses (22) and necrosis at higher doses
(23). However, the generality of these findings to primates may be limited and it is now apparent that
some NMDA antagonists produce, if anything, only transient vacuolization without necrosis.

A second major class of channel-blocking NMDA receptor antagonists are the low-affinity uncom-
petitive antagonists that are in clinical practice, in advanced stages of clinical trials, or in other phases
of development for a host of neurological indications (24). (Table 1). ADCI and memantine are two
members of this class of drugs, which generally have more favorable side-effect profiles in comparison
with dissociative anestheticlike agents (25–27). For example, ADCI exhibits a large separation (18-
fold) between its potency to block cocaine-induced seizures and its potency to produce neurological
impairment, which contrasts dramatically with the situation for dizocilpine in which impairment
occurs at 50% of the dose required for seizure protection (13). ADCI also suppressed withdrawal
seizures in mice physically dependent on ethanol and produces anticataleptic effects at doses that do
not produce ataxia, stereotypy, or impairment of locomotion (27,28). Similarly, memantine blocks
NMDA-induced convulsions at doses that are 8- to 18-fold lower than those producing ataxia or effects
on locomotion; in contrast, the anticonvulsant activity of dizocilpine is evident only at behaviorally

Table 1
Some Uncompetitive (Channel-Blocking) NMDA Receptor Antagonists

Compound Clinical status

Dissociative Anestheticlike
Ketamine Marketed—anesthesia (human and veterinary use)
Phencyclidine (PCP) Clinical information available
Dizocilpine [(+)-MK-801] Prior investigation—epilepsy
Aptiganel (CNS-1102, Cerestat) Clinical investigation—stroke
Dextrorphan Prior investigation—stroke
TCP
N-Allylnormetazocine (SKF 10,047)

Low Affinity
Dextromethorphan Marketed—cough suppression; Prior investigation—stroke
Memantine Marketed (Europe)—dementia
Amantadine Marketed—influenza, Parkinson’s disease
Ramacemide (FPL-12924) Prior development—epilepsy, stroke

In development—Huntington’s disease, Parkinson’s disease
ARL-15896 (AR-R15896) In development—stroke
ADCI Prior investigation—epilepsy
Ibogaine In development—drug dependence
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disrupting doses (29). In addition, there is general agreement that low-affinity channel-blocking
NMDA-receptor antagonists like ADCI do not replicate the discriminative stimulus effects of
dizocilpine or PCP (18). However, some of these agents, notably memantine, may, in some cases, sub-
stitute (18,29,30). In another model predictive of PCP-like side effects (14), memantine produced
ataxia like that of high-affinity ligands but did not produce locomotor stimulation typical of dissocia-
tive anestheticlike agents (29). Memantine has been used in Europe for the treatment of dementia,
Parkinson’s disease, drug-induced extrapyramidal syndromes, neuroleptic malignant syndrome, and
spasticity (2,31). Although side effects have been reported (32–34), memantine appears to carry a far
lower risk of inducing psychotomimetic symptoms and neurological impairment than high-affinity

Fig. 2. Antagonists of the ion channel of the NMDA protect against anticonvulsant-resistant convulsant effects
of cocaine in mice (A) but produce behavioral side effects at comparable doses (B). (From ref. 13 with permission
of the publisher.)
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antagonists (2). The drug is currently under development for the treatment of neuropathic pain and
AIDS dementia. Preclinical and clinical data suggest that amantadine may have similar therapeutic
activities (2,31). However, amantadine has very weak activity as an NMDA-receptor antagonist in
vitro and does not protect against NMDA-induced convulsions in vivo (29). Whether it acts as a low-
affinity NMDA-receptor antagonist at clinically relevant doses is uncertain. NPS 1506 is a moderate-
affinity uncompetitive NMDA-receptor antagonist with neuroprotective activity in rodent models of

Fig. 3. Affinities of uncompetitive NMDA receptor antagonists for the NMDA receptor ion channel correlate
with their potencies to protect against cocaine-induced convulsions (A) and to produce behavioral side effects as
measured by the inverted screen test (B). (From ref. 13, with permission from the publisher.)
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stroke and head trauma (35). Early clinical trials have revealed good tolerability at doses in excess of
those that confer neuroprotection in rodents.

The basis for the improved toxicity profiles of low-affinity channel-blocking NMDA antagonists is
not fully understood, but may relate to a variety of factors, including faster blocking kinetics, partial
trapping, reduced agonist-independent (closed-channel) block, subunit selectivity (leading to regional
differences in action), and combined block at allosteric sites on the NMDA-receptor complex apart
from the channel-blocking site (8,36,37). In addition, the low affinity of these compounds for the

Fig. 4. High-affinity NMDA receptor antagonists of the ion channel produce both a unique combination of
sedativelike and stimulantlike behavioral effects in mice. (From ref. 14, with permission from the publisher.)
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NMDA-receptor-associated ion channel also makes the possibility that they will have promiscuous
actions at sites other than NMDA receptors (8,38). For example, felbamate, in addition to its actions
on NMDA receptors, is also a low-efficacy positive allosteric modulator of GABA receptors (39) and
remacemide, its active des-glycine metabolite ARL 12495AA, and ADCI all act as state-dependent
blockers of voltage-activated Na+ channels (see ref. 8). Such actions on multiple receptor targets may
produce additive or synergistic therapeutic activities, but toxicities at each target may be distinct and
nonadditive, resulting in superior therapeutic activity and reduced toxicity in comparison with agents
that target NMDA receptors alone.

A body of preclinical (see ref. 40; subsequent chapters of this book) and clinical (cf. ref. 41) evi-
dence attests to the potential therapeutic utility of ibogaine for the treatment of drug dependence.
Although this compound has multiple pharmacological actions, ibogaine is well recognised as a low-
affinity channel blocker of the NMDA receptor, an effect that may, at least in part, be responsible for
its antiaddictive activity (40,42,43). Ibogaine produces striking behavioral disruptions at doses
claimed to be effective in drug-dependence treatment, and at high doses, it produces hallucinations. In
addition, the drug exhibits PCP-like subjective effects as determined in drug discrimination experi-
ments (42). Analogs of ibogaine and of ibogamine have recently been patented with claims of antiad-
dictive efficacy in rats (see ref. 44).

2.2. Competitive NMDA Recognition-Site Antagonists
Competitive NMDA-receptor antagonists inhibit activation of NMDA receptors by occupying the

glutamate recognition site of the receptor–channel complex and preventing binding of the neurotrans-
mitter glutamate (see Fig. 1). Like uncompetitive antagonists, competitive NMDA-receptor antago-
nists have a diversity of potential clinical applications, including the treatment of drug dependence
(see subsequent chapters of this book). A large, structurally diverse group of glutamate recognition-
site antagonists is now available with good bioavailability and favorable pharmacokinetic properties
(Table 2). Many of these agents have long-lasting activity after oral administration (e.g., CGS 19755,
D-CPPene, CGP 37849, LY 274614).

Although studies in animals suggested that competitive NMDA recognition-site antagonists would
have reduced liability for producing dissociative anestheticlike motor and subjective side effects (see
refs. 2,3, 45, and 46), neurobehavioral toxicities have occurred in humans that were not fully antici-
pated. For example, in clinical trials for stroke and traumatic head injury, D-CPPene and CGS 19755
demonstrated side effects reminiscent of those observed with dizocilpine and PCP (cf. refs. 2,47, and
48). Indeed, competitive antagonists can produce prominent dissociative anestheticlike motor distur-
bances such as head weaving, body rolling, hyperlocomotion, and ataxia in rodents (15). Moreover,

Table 2
Some Competitive NMDA Receptor Antagonists

Compound Clinical status

Selfotel (CGS 19755) Prior development—stroke
D-CPP-ene (SDZ EAA-494) In development—traumatic brain injury
MDL 100,453 In development—epilepsy, stroke
NPC 17742 Preclinical—stroke
(+)-CPP
CGP 37849
NPC 12626
LY 274614
LY 235959
LY 233536
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Carter (49) observed a positive correlation between the potencies of both competitive and uncompeti-
tive NMDA-receptor antagonists for inducing motor incoordination in the rotorod test and their poten-
cies to inhibit NMDA-induced lethality (an in vivo measure of NMDA-receptor blockade). At high
doses, the competitive antagonists CGS 19755, NPC 17742, (±)-CPP, and LY 233536 all produced full
or nearly full substitution for the discriminative stimulus effects of dizocilpine in mice (19). Although
competitive antagonists may not have the same propensity for producing certain behavioral side effects
such as stereotypies and disturbances of locomotion that are common with uncompetitive NMDA
antagonists, these effects do occur and may be especially prominent in sensitized states such as in
amygdaloid kindled animals (50,51). Furthermore, as is the case with uncompetitive antagonists, com-
petitive antagonists can also produce neuronal vacuolization and morphological damage in certain
brain regions (22). Tolerance does not seem to develop to either the therapeutic activity or the side
effects (52). On the whole, the preclinical and clinical data have led many investigators to lose enthusi-
asm for the clinical potential of competitive antagonists.

Despite the potential drawbacks of this class of agents, selected competitive antagonists may have
reduced liability for side effects in comparison with other members of the class. For example, although
the protective indicies (ratio of TD50 value for induction of toxicity and ED50 for seizure protection) of
many competitive antagonists is near 1 when tested in mice against cocaine-induced convulsions (13),
at least one competitive blocker, LY 233536, has a protective index as high as 7. This compound has
previously been reported to display a less debilitating behavioral profile than that of other competitive
antagonists (14). On the other hand, the competitive antagonist LY 274614 and its active isomer, LY
235959, produced profound and potent suppression of behavior (14,19,53). The lack of substitution of
these latter two compounds in mice trained to discriminate dizocilpine from saline may have been due
to these behavioral effects that made it impossible to test higher doses. The recognition that there can
be large differences in the behavioral toxicities of competitive NMDA recognition-site antagonists
suggests that it may be premature to conclude that this class of agent is not clinically viable.

2.3. Glycine-Site Ligands
Activation of NMDA receptors by glutamate requires the presence of a coagonist at a distinct

recognition domain on the receptor complex referred to as the glycine site (54,55) (Fig. 1). More
recently, the term glycineB site has been used to distinguish the regulatory coagonist site on NMDA
receptors from the inhibitory strychnine-sensitive glycine receptor, a Cl– channel. Although glycine
was originally believed to be the endogenous coagonist, recent evidence indicates that D-serine may
serve this role, at least at some synapses (56). Competitive antagonists at the glycine site can inhibit
NMDA receptors in a manner similar to that of antagonists at the glutamate recognition site. In fact, a
diverse group of glycine site ligands are available (Table 3) whose efficacies range from full agonism
(D-serine) to partial agonism (approx 90% with ACPC), to weak partial agonism [approx 10% with
(+)-HA-966], to full antagonism (7-Cl-kynurenic acid). These compounds exhibit diverse activities in
animal models of anxiety, depression, memory (57), and drug dependence (see subsequent chapters
this book; also refs. 2 and 49).

In contrast to other classes of NMDA antagonist, glycine-site antagonists (full antagonists and par-
tial agonists) generally do not produce dissociative anestheticlike motor or subjective side effects in
preclinical models at therapeutically relevant doses (cf. refs. 3,16, and 58–60), although the drugs can
cause muscle relaxation and motor impairment under some circumstances (cf. ref. 2). For example, in
studies of cocaine-induced convulsions, glycine-site partial agonists exhibit protective activity at doses
that do not produce motor impairment (13) and ACPC prevents the acquisition of cocaine-induced
place preference without producing reinforcing effects of its own (61).

The basis for the improved toxicity profiles of glycine-site antagonists in comparison with com-
petitive and uncompetitive NMDA-receptor antagonists is not well understood. Many of the glycine-
site ligands display poor bioavailability after systemic administration. Therefore, it has been
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suggested that the low incidence of side effects could be the result of poor central accessibility (e.g.,
ref. 2). However, this explanation is not fully satisfactory given the host of effects produced by these
agents upon systemic administration in animal models of neuropsychiatric disease. Several newer
compounds have been developed with high potency and good central activity after systemic adminis-
tration (e.g., NMCQX, NMDX, and L-698,544). It remains to been seen if these agents also display
favorable side-effect profiles. Another possible explanation for the improved tolerability of glycine-
site antagonists is that they could selectively interact with specific NMDA receptor subtypes that are
expressed in distinct neuronal populations in a regionally specific fashion (see ref. 2). For example,
the glycine-site antagonist CGP 61594 appears to selectively target NMDA receptors containing the
NR2B subunit (62). Moreover, agents with partial agonist activity may have better tolerability than
full antagonists.

Because at least some glycine-site ligands have actions at other sites, these additional actions may
contribute to their pharmacological effects. For example, quinoxaline ligands such as NMCQX and
NMDX also have affinity for AMPA receptors, albeit at slightly higher micromolar concentrations and
L-698,544 exhibits good systemic activity (cf. ref. 63), but this compound also interacts with the gluta-
mate (Kb, 6.7 µM) and AMPA (Kb, 9.2 µM) recognition sites with somewhat lower affinity than for the
glycine site (IC50, 0.41 µM). Therefore, the efficacy of such agents in vivo might be due to competitive
blockade of NMDA or AMPA receptors. Note, however, that the additional actions of compounds like
these may provide a therapeutic advantage.

Like the neurotransmitter glutamate, glycine-site agonists enhance the opening of NMDA receptors
(64). Such agonists would therefore oppose the actions of NMDA antagonists and may specifically
promote the dissociation of use-dependent blockers such as uncompetitive antagonists (65–67). Con-
sequently, glycine-site agonists can theoretically modulate responses to NMDA-receptor blockers, and
in behavioral studies, glycine and glycine-site agonists D-serine and D-alanine have been shown to
antagonize the stereotypies, ataxia, and locomotor stimulation produced by PCP and dizocilpine
(68–72). However, D-serine does not block the subjective effects of PCP as measured in rats discrimi-
nating PCP from saline (60).

Table 3
Some NMDA Receptor Strychnine-Insensitive GlycineB-Site Partial
Agonists and Antagonists

Compound Clinical status

Partial Agonists
ACPC Prior development—stroke, depression
D-Cycloserine Prior development—dementia
(+)-HA-966

Antagonists
GV-150526 In development—stroke
Licostinel (ACEA-1021) In development—stoke, head injury
ZD-9379 In development—stroke, pain
7-C1-kynurenic acid Preclinical
5,7-diC1-kynurenic acid
MDL-100,748 Preclinical—epilepsy
MRZ-2/570 Preclinical—drug dependence
MRZ-2/571 Preclinical—drug dependence
MRZ-2/576 Preclinical—drug dependence
NMCQX
NMDX
L-698,544
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2.4. NR2B-Selective Ligands
NMDA receptors in mammalian neurons are believed to be heterooligomers formed by the

coassembly of an obligatory NR1 subunit and at least one type of NR2 subunit (see Chapter 1).
Four NR2 subunits have been identified, each of which exhibits a distinct regional distribution and
developmental expression pattern. The four distinct NR2 subunits confer unique pharmacological
and biophysical properties upon the NMDA receptors from which they are assembled. In addition,
the NR1 subunit exists in multiple alternatively spliced forms that can provide further diversity to
NMDA receptors. Selective targeting of specific NMDA-receptor subtypes is a reasonable approach
for the development of NMDA-receptor antagonists with improved therapeutic activity and reduced
toxicity. Many antagonists show small potency differences at NMDA receptors composed of differ-
ent subunits. For example, the competitive NMDA recognition-site antagonist (±)-CPP appears to
have modestly higher affinity for NMDA receptors composed of a form of the NR1 subunit contain-
ing an insert generated by the inclusion of 21 amino acids coded by the alternatively spliced exon 5
(see refs. 2 and 73). To date, however, the only NMDA-receptor isoforms that can be targeted in a
therapeutically relevant way are those containing the NR2B subunit (Fig. 1). NR2B selectivity was
first described for the phenylethylamine ifenprodil, and, subsequently, the related compounds
eliprodil, CP101,606, Ro 25-6981, and nylidrin were found to have similar selectivity (74–77). (see
Table 4) and actions governed by their ability to regulate proton inhibition (cf. ref. 78). Despite
their relatively potent NMDA-receptor-blocking activity, ifenprodil and eliprodil generally display
more favorable toxicity profiles than other NMDA receptor antagonists (79). At neuroprotective
doses, they do not produce neurological impairment, do not substitute for PCP in drug-discrimina-
tion studies, nor do they induce amnestic effects in passive avoidance testing (2,3). In addition,
ifenprodil and eliprodil block cocaine-induced seizures at doses that do not produce failures in the
inverted screen test (13). Moreover, clinical trials have indicated that these compounds do not pro-
duce psychostimulant, amnesic, or psychotomimetic effects in humans. Finally, eliprodil does not
appear to produce the pathomorphological changes that have been observed with other NMDA
receptor antagonists (80). These NR2B-selective antagonists may also have additive or synergistic
effects when given in conjunction with other NMDA-receptor antagonists (cf. ref. 81).

The anticonvulsants felbamate and ADCI also exhibit moderate NR2B selectivity and this may in
part account for their favorable neurobehavioral tolerability in comparison with other NMDA-receptor
antagonists (18,82,83). Conantokin G, a component of a cone snail toxin that is currently in develop-
ment as an anticonvulsant, appears to act as a competitive NMDA recognition-site antagonist with
selectivity for the NR2B subunit (84). The butyrophenones haloperidol, droperidol, and spiperone also
exhibit NR2B-selective antagonist activity, but this is not of practical utility in behavioral studies

Table 4
Some Selective Antagonists of NMDA Receptor Isoforms Containing
NR2B Subunits

Compound Clinical status

Ifenprodil Marketed (outside US)—peripheral vascular disease
Eliprodil (SL 82.0715) Prior development—stroke, traumatic brain injury
CP-101,606 In development—stroke
Ro 25-6981 Preclinical—stroke
Conantokin G In development—epilepsy
Felbamate Marketed—epilepsy
ADCI Prior investigation—epilepsy
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because these compounds have a diversity of other pharmacological actions, the most prominent of
which is dopamine receptor blockade (75,85,86).

Although the basis for the improved neurobehavioral toxicity of NR2B-selective NMDA-receptor
antagonists is not well understood, it could relate to the more restricted distribution of NR2B-contain-
ing NMDA receptors. Thus, unlike the NR2A subunit that is distributed ubiquitously in the central ner-
vous system, expression of the NR2B subunit in adults is largely restricted to the forebrain (87).

3. AMPA AND KAINATE RECEPTORS

AMPA receptors mediate a large proportion of fast excitatory neurotransmission in the central ner-
vous system. Although the role of kainate receptors is not as well understood, emerging evidence indi-
cates that these receptors contribute to fast excitatory neurotransmission at selected synapses in the
brain and spinal cord (88), and may also play a role in regulating inhibitory neurotransmission (89,90).
In the past several years, highly selective ligands for both AMPA and kainate receptors have been dis-
covered (Table 5).

3.1. AMPA Receptors
AMPA receptor antagonists may modulate AMPA receptor function by acting at the glutamate

recognition site (competitive antagonists) or at a distinct allosteric regulatory site for 2,3-benzodi-
azepines (negative allosteric modulators). In addition, CA2+-permeable AMPA receptors can be antag-
onized by a diverse group of cationic channel blockers, including polyamines, spider and wasp toxins
such as Joro spider toxin (JSTX), and IEM-1460. Recent and detailed reviews of AMPA-receptor
structure, function, and pharmacology are available (7,91–93).

3.1.1. Competitive Antagonists
Competitive antagonists acting at the glutamate recognition site of AMPA receptors have shown

promising neuroprotective, anticonvulsant, analgesic, and anxiolytic activities in animal models
(92,93). Competitive antagonists also display beneficial effects upon certain stages of drug
dependence (see subsequent chapters, this book). competitive AMPA-receptor antagonists include
quinoxalinediones such as CNQX (6-cyano-7-nitroquinoxaline-2,3-dione), NBQX [2,3-dihydroxy-
6-nitro-7-sulfamoylbenzo (F)quinoxaline], and YM90K [6-(1H-imidazol-l-yl)-7-nitro-2,3-(1H-
4H)-quinoxalinedione], as well as several structurally novel compounds including isatin oximes
such as NS 257 {(1,2,3,6,7,8-hexahydro-3-(hydroxyimino)- N,N-[3H]dimethyl-7-methyl-2-
oxobenzo[2,1-b:3,4-c′]dipyrrole-5-sulfonamide} and decahydroisoquinolines such as LY293558
{(3S,4aR,6R,8aR)-6-[2-(1(2)H3-tetrazole-5-yl)ethyl] decahydroisoquinoline-3-carboxylic acid}.
Most of these antagonists do not discriminate well between AMPA and kainate receptors (94). This
is also the case for the water-soluble and systemically available isatin oxime NS 257, which not
only blocks AMPA and kainate receptors but also interacts with NMDA receptors (95,96). NBQX,
however, exhibits modest selectivity for AMPA-preferring receptors.

NBQX, like most other AMPA-receptor antagonists, generally produces motor and memory impair-
ments in experimental animals at neuroprotective or anticonvulsant doses. However, in some cases
therapeutic effects can be produced with little toxicity. For example, there is a good separation
between the doses of NBQX that protect against cocaine-induced convulsions and those that induce
motor impairment in mice (13). Moreover, NBQX attenuated both cocaine- and methamphetamine-
induced locomotor stimulation in mice at doses that did not influence spontaneous locomotor activity
(97). In addition, NBQX prevented the induction of sensitization to locomotor stimulant effects of
cocaine (98) and CNQX blocked the reinstatement of cocaine self-administration induced by intra-
accumbens AMPA or dopamine (99). NBQX did not substitute for the discriminative stimulus effects
of dizocilpine, which may suggest that it is devoid of behavioral effects that are associated with
NMDA-receptor antagonists (19).
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In humans NBQX, at low doses, was without significant effect on the electroencephalogram, body
temperature, or cardiovascular function (100). In animal studies, YM90K demonstrates an improved
pharmacokinetic profile in comparison with NBQX and is a potent neuroprotective and anticonvulsant
agent (101). YM90K was tested in human healthy volunteers and appeared to be well tolerated, but its
low solubility raises concerns (102). A series of compounds structurally related to YM90K but with
improved selectivity for AMPA receptors have been synthesized (103,104). YM872 {2.3-dioxo-7-(1H-
imidazol-1-yl)6-nitro-1,2,3,4-tetrahydro-1-quinoxal inyl]acetic acid} has improved solubility and a
selectivity for AMPA receptors close to that of NBQX or YM90K (105). This compound displays
remarkably potent neuroprotective effects after experimental ischemia in various species, is effective
even when injected several hours following ischemia (106,107), and is also an effective analgesic (108).

Table 5
Some AMPA and Kainate Receptor Ligands

Compound Clinical status

Competitive AMPA Recognition-Site Antagonists
CNQX
NBQX Prior investigation—healthy volunteers (crystaluria)
YM90K (YM900) Prior investigation—stroke
YM872 Clinical investigation—stroke
ZK200775 (Fanapanel) Clinical investigation—stroke
NS-257
Ro 48-8587
LU 115455
LU 136541

Negative Allosteric AMPA Receptor Modulators
GYKI 52466
LY 300164 (GYKI 53773; talampanel) Prior investigation—epilepsy, amyotrophic lateral sclerosis
LY 300168 (GYKI 53655)
LY 303070
GYKI 47261
SYM 2206
SYM 2189

Positive Allosteric AMPA Receptor Modulators
Aniracetam In development—cognitive enhancer
Piracetam Marketed (Europe)—cognitive enhancer
CX516 In development—cognitive enhancer, schizophrenia
Cyclothiazide
Diazoxide
S18986
IDRA-21

Kainate Receptor Antagonists
NonSelective

NBQX, CNQX, DNQX
NS-102

GluR5 Selective
LY 293558 (enantiomer of LY 215490) Clinical investigation—pain
LY 377770 (enantiomer of LY 294486)
LY 382884 (enantiomer of LY 307130)

(Above GluR5-selective decahydroisoquinolines also block AMPA receptors LY 293558 >LY294486>LY 382884)
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LY293558 is a structurally distinct competitive antagonist that in addition to AMPA-receptor-
blocking activity also has high affinity for GluR5 kainate receptors (109,110). LY 293558 has demon-
stated neuroprotective, antinociceptive, and anticonvulsant activity (cf. ref. 111). In a number of
experimental studies, LY 293558 showed beneficial effects on aspects of morphine addiction, includ-
ing the development of sensitization (112) and tolerance (113) and on morphine-withdrawal signs
(114). In clinical evaluation for experimental pain, LY 293558 had selective antihyperralgesic activity
without significant effects on nociceptive stimuli in normal skin. LY 293558 did not produce neurolog-
ical or cognitive deficits; however, mild and transient visual obscuration was observed after adminis-
tration of a high dose of this compound (115).

New generations of competitive AMPA antagonists are now available, although chracterization of
their effects in vivo is limited. For instance, Ro 48-8587 is a highly potent and selective AMPA antag-
onist (116). Compounds in a pyrrolyl-quinoxalinedione series (e.g., LU 115455, LU 136541) display
more than a 1000-fold higher affinity at AMPA receptors than at kainate receptors and have shown effi-
cacy against amygdaloid-kindled seizures at doses without motor impairing effects in rats (117).
Another novel quinoxalinedione derivative, ZK200775, has greatly improved solubility and had a wide
therapeutic window as a neuroprotective agent (118).

The overall efficacy of AMPA-receptor blockade (e.g., by NBQX) may be augmented synergisti-
cally by low doses of NMDA-receptor antagonists without increasing adverse effects (119–121). LU
73068, which acts as an antagonist at the glycine site of NMDA receptors as well as an antagonist of
AMPA receptors, is also an effective anticonvulsant agent in kindled rats with a more favorable thera-
peutic profile than either the AMPA antagonist NBQX or the glycine-site antagonist L-701,324 given
separately (121).

3.1.2. Negative Allosteric Modulators
2,3-Benzodiazepines such as GYKI 52466 and its 3N-acetyl analog GYKI 53405 and 3N-methyl-

carbamyl analog GYKI 53655 (LY300168) act as selective noncompetitive AMPA receptor antago-
nists (25,122–124) through negative allosteric modulation of AMPA receptor function (125,126).
Like competitive AMPA receptor antagonists, these compounds posses a broad therapeutic potential
in the treatment of conditions associated with excessive glutamate release, such as epilepsy, stroke,
traumatic brain injury, and certain neurodegenerative disorders. (92,127). As noncompetitive antago-
nists, 2,3-benzodiazepines have the theoretical advantage that blockade would not be overcome by
high synaptic glutamate levels (128). Interactions of 2,3-benzodiazepine derivatives with AMPA
receptors are stereoselective, with activity residing in the minus isomers (e.g., LY 300164 and LY
303070), whereas the respective (+) isomers (e.g., LY 300165 and LY 303071) are devoid of AMPA
receptor antagonistic properties (129). LY 300164 (GYKI 53773, talampanel) is orally available and
has undergone clinical evaluation. It exhibited preliminary evidence of efficacy in epilepsy trials
(phase II) and good tolerability, although high plasma concentrations were associated with ataxia,
diplopia, sedation, and euphoria (92,93).

Recently, a variety of analogs of the original 2,3-benzodiazepines have been described that exhibit
AMPA receptor-blocking activity and the possibility of reduced side effects. for example, several
novel heterocyclic condensed and halogen-substituted 2,3-benzodiazepine derivatives such as GYKI
47261 have been shown to have good potency and broad anticonvulsant and neuroprotective activity
comparable to GYKI 52466 and LY 300164 (130). In addition, a class of substituted 6,7-methylene-
dioxy 1,2-dihydrophtalazines (SYM 2206, SYM 2207) that are closely related structurally to the 2,3-
benzodiazepines also act as noncompetitive AMPA receptor antagonists with anticonvulsant and
neuroprotective activity (131,132). Several 7-deoxygenated analogs have recently been reported to
have similar AMPA-receptor-blocking activity, but one of these compounds, the 2-N-propylcarbamoyl
SYM 2189, is said to have a higher protective index and longer duration of action than the other mem-
bers of this class, although its overall in vivo potency is low in comparison with 2,3-benzodiazepines
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(132). In contrast, a SYM 2207 analog having a ketone substituent [4-(4-aminophenyl)-6,7-methylene-
dioxy-phthalazin-1(2H)-one] has 10-fold greater anticonvulsant potency than GYKI 52466, but a
reduced toxicity profile and a longer duration of action (133). In in vitro studies, this analog is less
potent than GYKI 52466 and GYKI 53655, suggesting that greater bioavailability accounts for its
improved anticonvulsant potency.

Derivatives of methaqualone have also recently been shown to have very potent AMPA-receptor
antagonist activity, although the selectivity and biological characterization of these compounds
remains to be reported (134).

3.1.3. Positive Allosteric Modulators
Compounds that decrease the rate of desensitization or deactivation of AMPA receptors may

enhance excitation mediated by the receptor and have novel therapeutic uses (e.g., in the treatment of
cognitive disorders) (see refs. 91 and 135). Two main classes of positive modulators of the AMPA
receptor can be distinguished: pyrrolidones (aniracetam, piracetam, and CX516) and benzothiadi-
azides (cyclothiazide, diazoxide, S18986, and IDRA-21). Many of these AMPA receptor modulators
including IDRA-21 (136,137) and CX516 (138,139) have been shown to improve performance of
experimental animals in memory tasks. In both healthy volunteers (140) and elderly subjects, CX516
had significant beneficial effects on memory (144) without significant central or peripheral side
effects. Positive allosteric modulators also have predicted therapeutic potential in schizophrenia based
on the observation that schizophrenic patients have a reduced brain density of AMPA receptors in post-
mortem evaluation (see the review in ref. 142). Synergistic effects of CX516 and antipsychotic drugs
were observed against methamphetamine-induced behavioral effects in rats, suggesting that this com-
pound may be a useful adjuvant in treating schizophrenia (143); clinical trials are currently underway.
However, given the potential for excitotoxicity or seizures with enhancement of glutamatergic neuro-
transmission, the use of these agents will need to be approached cautiously.

Thiocyanate ion is a negative allosteric modulator of AMPA receptors that acts by enhancing desen-
sitization of the receptor (144). Recently, thiocyanate has been found to interact with the same site as
the positive modulator cyclothiazide, and it can thus be considered an “inverse agonist” at this site
(145). It should be noted that thiocyanate and cyclothiazide do not directly interact with the negative
modulatory site for 2,3-benzodiazepines. Enhancement of AMPA-receptor desensitization is an
intriguing potential therapeutic strategy that may permit inhibitory modulation of excessive gluta-
matergic neurotransmission with reduced side effects (92). Thiocyanate could provide clues to the
development of such inhibitory modulators.

3.2. Kainate Receptors
Kainate receptors are ionotropic glutamate receptors that, like NMDA and AMPA receptors, are

expressed widely in the central nervous system where they may play a role in fast excitatory transmis-
sion (146,147). Five kainate receptor subunits are known that have approx 40% sequence homology
with AMPA receptor subunits GluR1–4. Three of these subunits (GluR5–7) are believed to be princi-
pal subunits—they can form functional receptors by themselves—and two (KA1–2) may be auxiliary
subunits that form heteromeric assemblies with the principal subunits and modify their behavior, but
do not form functional receptors by themselves.

Until recently, the functional roles of kainate receptors was poorly understood because of the
lack of specific pharmacological tools. However, the availability of several more or less selective
kainate receptor agonists and antagonists—most notably a series of decahydroisoquinolines that
specifically block kainate receptors containing the GluR5 subunit—has begun to allow insight into
the roles of kainate receptors in neurotransmission. In addition to their well-known AMPA recep-
tor-blocking activity, quinoxalinediones also interact with kainate receptors with lower affinity;
CNQX and DNQX are slightly more potent against AMPA than kainate receptors, whereas NBQX
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may be up to 30-fold more potent against AMPA receptors (94). The first selective kainate receptor
ligand to be described was the oxime derivative NS-102 (6,7,8,9-tetrahydro-5-nitro-1H-
benz[g]indole-2,3-dione-3-oxime) (148,149). This compound interacts with both GluR5 and GluR6
receptors and also with AMPA receptors with approximately 10-fold lower affinity. However, poor
solubility considerably limits the utility of this antagonist. The decahydroisoquinolines, which act
as competitive antagonists of the glutamate recognition site on kainate receptors, have proven to be
very useful in both in vitro and in vivo studies of kainate-receptor function. These agents preferen-
tially interact with GluR5 kainate receptors and do not have measurable activity at GluR6 kainate
receptors. The decahydroisoquinoline LY293558 was originally described as an AMPA-receptor
antagonist and only later recognized to block GluR5 kainate receptors with similar affinity. Such
mixed AMPA- and GluR5-selective antagonists can be used to uncover the function of GluR5
kainate receptors when studied in conjunction with selective AMPA-receptor antagonists such as
2,3-benzodiazepines that only block kainate receptors at high concentrations (150). More recently,
decahydroisoquinolines, including LY377770 and LY382884, have become available that preferen-
tially interact with GluR5 kainate receptors and bind to AMPA receptors only at much higher con-
centrations (151,152).

Using the decahydroisoquinolines, it has been possible to demonstrate that GluR5 kainate recep-
tors participate in excitatory synaptic transmission in certain brain regions including the hippocampus
(153) and amygdala (88). This class of kainate receptors also appears to play a prominent role in reg-
ulating inhibitory GABA-mediated neurotransmission in the hippocampus (89,154). In addition,
kainate receptors probably contribute to excitatory transmission in the cerebellum (155) and spinal
cord (156). Indeed, recent pharmacological evidence supports a role for GluR5 kainate receptors in
nociceptive responses (157) although this has been questioned on the basis of studies in which the
GluR5 expression was reduced through gene targeting (158). From the perspective of drug abuse, the
existence of kainate receptors in the amygdala is of particular significance, given the role of this brain
region in fear, anxiety, and memory. Importantly, GluR5 kainate receptors seem to mediate a novel
form of heterosynaptic plasticity that could potentially be a mechanism underlying long-term adapta-
tions to drugs of abuse (159).

4. METABOTROPIC RECEPTORS

Metabotropic glutamate receptors (mGluRs) are seven transmembrane domain G-protein-coupled
receptors that are activated by glutamate and that regulate neuronal excitability by a multiplicity of
postsynaptic and presynaptic mechanisms. Eight distinct mGluRs have been identified by molecular
cloning, some of which exist in multiple alternatively spliced forms. The family of mGluRs can be
divided into two major groups based on the second-messenger systems to which they are coupled:
those that increase phosphatidylinositol (PI) hydrolysis through activation of phospholipase C
(mGluR1, mGluR5) and those that are negatively coupled to cyclic AMP formation via inhibition of
adenyl cyclase (mGluR2–4, mGluR6–8). On the basis of sequence homology, the second-messenger
mechanisms to which they are coupled, and pharmacological criteria, it has been useful to further
divide mGluRs into three major groups. Group I corresponds to the mGluRs linked to PI turnover,
whereas groups II (mGluR2, mGluR3) and III (mGluR4, mGluR6-8) encompass mGluRs linked to
adenyl cyclase inhibition. In functional terms, the changes in second messengers induced by activa-
tion of metabotropic glutamate receptors can modulate the activity of Ca2+ and K+ channels and also
directly affect the neurotransmitter release machinery, leading to changes in neuronal excitability
and in the release of neurotransmitters at both glutamatergic and nonglutamatergic synapses. Gener-
ally, activation of group II mGluRs leads to presynaptic depression and consequent dampening of
stimulus-evoked glutamate release, whereas activation of group III mGluRs inhibits the release of
both GABA and glutamate. Of particular relevance to drug abuse, mGluRs can also modulate the
release of dopamine, which has been most directly implicated in the rewarding aspects of many
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abused substances (cf. ref. 160). Detailed reviews of the biochemistry, physiology, and pharmacol-
ogy of the burgeoning field of mGluRs are available (160–166).

Although rapid progress has been made in the discovery of selective ligands for the eight mGluRs,
the pharmacology of mGluRs is not fully developed (see Table 6). Although there are some com-
pounds that have varying degrees of selectivity for each of the three groups of mGluRs, selectivity for
any one of the eight members of the mGluR family has not yet been achieved. For example, the potent
and selective group II agonist LY 354740 has micromolar affinity for two of the group III receptor sub-
types. An additional complication arises from differences in efficacy. For example, benzyl-APDC is a
selective agonist at mGlu6 receptors but demonstrates antagonist actions at mGlu2, mGlu3, and
mGlu5 receptors. Furthermore, although new compounds with putative high selectivities have been
reported, such as the stereoselective activation of mGluR4a and mGluR7b by (+)-4-phosphonophenyl-
glycine, the overall selectivity profile and functional activities of these compounds remains to be char-
acterized (167).

A variety of recent studies have examined the potential therapeutic efficacy of group I and group II
mGluR ligands in the treatment of drug abuse. In contrast, the availability of selective compounds for

Table 6
Some Selective Agonists and Antagonists of Metabotropic Glutamate Receptors

Compound Clinical status

Group I
Agonists

S(–)-3,5-Dihydrophenylglycine (DHPG)
Quisqualate
LY 367366
LY 393675
SIB-1893

Antagonists
LY 367385
MPEP
CPCCOEt

Group II
Agonists

LY 354740 In development—anxiety
LY 389795
LY 379268
DCG-IV
2R,4R-APDC

Antagonists
LY 341495
ADBD (LY 307452)
ADED (LY 310225)

Group III
Agonists

L-AP4
L-SOP
S-Homo-AMPA

Antagonist
CPPG
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the investigation of group III mGluRs is more limited, so less is known about the potential utilities of
ligands for these receptors. For example, the group II agonist LY 354740 blocks PCP-induced stereo-
typy, hyperlocomotion, and disruptions in memory without effects on spontaneous locomotion when
given alone (168). Indeed, it appears that group II agonists may preferentially attenuate the motoric
effects of PCP in comparison with the locomotor stimulation induced by d-amphetamine (cf. ref. 169).
LY 35470 also attenuated the signs of nicotine and morphine withdrawal in dependent animals (cf.
refs. 170 and 171) and can interfere with the development of tolerance to the analgesic effects of mor-
phine (172). The group I antagonists MPEP and SIB 1893, which display selectivity for mGluR5, are
effective anticonvulsants with favorable therapeutic indices (173); the role of these compounds in drug
abuse has yet to be examined. In addition to a role for mGluR ligands in drug-abuse treatment, there is
some evidence for alterations in the sensitivity of groups II and III mGluRs following chronic expo-
sure to drugs of abuse like cocaine that have suggested their involvement in cocaine addiction and
withdrawal (174).

5. GLUTAMATE RELEASE

Inhibition of glutamate release is another means of functionally dampening excessive glutamate-
mediated excitation in pathological states. Agents that block glutamate release—mainly anticonvul-
sants such as phenytoin, lamotrigine, and zonisamide—are generally believed to do so by interfering
with the activity of Na+ or Ca2+ channels in nerve terminals (4,175,176), although there is recent evi-
dence for more complex effects on the release machinery (177,178). Interestingly, these drugs may
preferentially inhibit glutamate release as opposed to GABA release (179). In addition, agents that
interact with adenosine receptors and other presynaptic receptors, including mGluRs, can reduce glu-
tamate release. In the case of adenosine, there is also a preferential effect on excitatory versus
inhibitory synapses. Several glutamate release inhibitors are in various phases of development as
shown in Table 7.

6. NITRIC OXIDE SYNTHASE

Glutamate-gating of NMDA receptors permits Ca2+ entry that specifically activates neuronal nitric
oxide synthase (nNOS), a Ca2+-dependent enzyme that catalyzes the synthesis of the free-radical nitric
oxide (NO) from L-arginine (180) (Fig. 1). Because NO may act as an intercellular messenger mediat-
ing forms of neuronal plasticity, blockade of nNOS could potentially interfere with the long-term con-
sequences of NMDA receptor activation and might thereby have an influence on the behavioral effects
of drugs of abuse or on their addictive properties. In fact, the NOS inhibitors N(G)-nitro-L-arginine-
methyl ester (L-NAME) and 7-nitroindazole have been shown to block some of the behavioral effects
of drugs of abuse, such as stereotypy induced by methamphetamine (181), sensitization to the behav-
ioral stimulant effects of cocaine (182), and maintenance of cocaine self-administration in rats (183).
L-NAME also blocks sensitization to the convulsant effects of cocaine in mice, an effect that can be
prevented by the NOS substrate L-arginine but not by D-arginine (184). Moreover, the specific nNOS
inhibitor AR-R 17477 blocked behavioral effects of PCP in models of psychosis without behavioral
side effects of its own (185). Nor do these compounds appear to produce PCP-like subjective effects as
predicted from PCP discrimination experiments (186). NOS exists in three forms with distinct cellular
localizations and functions. Like nNOS, endothelial NOS (eNOS) is a constitutive and Ca2+-dependent
NOS enzyme that participates in regulation of smooth-muscle tone. A third form of NOS is the Ca2+-
independent inducible NOS (iNOS) that is activated by cytokines and plays a role in immune func-
tions. In addition to the key roles of eNOS and iNOS in peripheral tissues, both of these NOS forms
are also present along with nNOS in the brain. Therefore, indiscriminate inhibition of NOS with non-
selective inhibitors such as L-NAME can lead to untoward side effects. It is notable, therefore, that
AR-R 17477 was without cardiovascular effects, a major side effect of less selective NOS inhibitors.
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7. NAALADASE

Glutamate carboxypeptidase II (N-acetylated α-linked-acidic dipeptidase; EC 3.4.17.21) or NAAL-
ADase is a neuropeptidase that catalyzes the cleavage of glutamate from N-acetyl-aspartyl-glutamate
(NAAG), the most prevalent and widely distributed neuropeptide in the mammalian nervous system
(187). Thus, inhibition of NAALADase would decrease glutamate levels and increase levels of NAAG.
Theoretically then, NAALADase inhibition would have the potential to negatively modulate gluta-
matergic neurotransmission by two separate mechanisms. First, NAALADase inhibition would pro-
duce decreases in glutamate levels. Second, as NAAG is known to act at mGlu3 receptors (188),
NAALADase inhibition could have the additional effect characteristic of mGluR3 agonists of dampen-
ing glutamate-mediated neurotransmission.

Until recently, pharmacological tools for selectively inhibiting NAALADase were not available.
However, this situation changed with the design and synthesis of 2-(phosphonomethyl) pentanedioic
acid (2-PMPA) (189), which is a high-affinity (Ki = 280 pM) and selective NAALADase inhibitor
(190). In addition to its potential role in the therapy of conditions associated with excessive glutamate,
recent reports suggest a role for NAALADase inhibition in modulating the behavioral and toxic effects
of drugs of abuse. Thus, 2-PMPA blocks the development of behavioral sensitization resulting from
repeated exposure to cocaine in rats without affecting acute stimulant effects of cocaine (191). 2-
PMPA also attenuates both the expression and development of cocaine-kindled seizures in mice with-
out producing the motor side effects seen with NMDA receptor antagonists (192).

8. OTHER APPROACHES

In the future, it may be possible to modulate brain glutamate systems by treatments that are
designed to modify the expression of critical genes involved in glutamate signaling. Indeed, drugs of
abuse produce prominent changes in gene transcription that may alter the expression of components of
the glutamate-signaling pathways and these changes have been hypothesized to play a role in the
development of drug dependence (193). Furthermore, drugs used to treat drug dependence may also
operate through similar pathways. For example, antidepressants, widely used to treat drug dependence
(3), appear to have the common effect of increasing the levels of growth factors such as brain-derived
neurotrophic factor (BDNF), as pointed out by Skolnick (194). Depression is comorbid with drug-
dependence syndromes (195) and NMDA-receptor antagonists are effective in animal models of
depression (194), as they are in models of drug addiction. Therefore, novel approaches to the treatment
of drug addiction may be based on the design of compounds that promote BDNF formation as, for
example, through the cyclic AMP-dependent response pathway. Increased levels of BDNF could then

Table 7
Some Glutamate-Release Inhibitors

Compound Clinical status

Phenytoin Marketed—epilepsy
Fosphenytion (phenytoin pro-drug) Marketed—epilepsy

In development—stroke
Lamotrigine Marketed—epilepsy
Zonisamide Marketed—epilepsy
BW-619C89 Prior development—stroke
MS-153 (MS-424) In development—ischemia
Riluzole Prior development—epilepsy

Marketed—amyotrophic lateral sclerosis
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ultimately result in a dampending of NMDA receptor function through the regulation of NMDA recep-
tor genes (cf. ref. 195).

9. CONCLUSIONS

Glutamate plays a key role in drug dependence and associated behavioral and toxic effects of drugs of
abuse. A range of experimental drugs is available to explore further the involvement of glutamate in drug
abuse and for the discovery of potential therapeutic candidates. Although these compounds produce a
host of common actions and effects, a difference in effects among compounds that appears to derive
from the specific molecular targets upon which they act provide a rich diversity for investigatory and
development purposes. Both preclinical and clinical findings point to the feasibility of effectively damp-
ening glutamatergic neurotransmission and blocking pathophysiological conditions arising from exces-
sive glutamatergic transmission without major interference with normal neurobehavioral functioning.
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Glutamate and Neurotoxicity
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1. HISTORICAL PERSPECTIVE

The toxic effects of glutamate exposure on neurons were first recognized nearly half a century ago,
when Lucas and Newhouse observed that subcutaneous administration of glutamate caused loss of neu-
rons in the inner nuclear layer of the retina in both adult and neonatal mice (1). Olney extended these
findings to other regions of brain, including neurons in the roof of the third ventricle, the hypothalamus,
and the dentate gyrus (2). Changes evolved rapidly, over minutes in adult mice to several hours in
neonates, and were characterized by intracellular edema and pyknotic nuclei, consistent with necrosis.
In the next few years the role of glutamate as the major excitatory neurotransmitter in the mammalian
central nervous system (CNS) became clear (3–6) and the existence of specific glutamate receptors was
demonstrated. Excitotoxicity, the effect of glutamate receptor activation to trigger neuronal cell death,
was proposed to play a role in many pathological conditions, in large part based on the observations
that injection of glutamate agonists, notably kainate, could result in neuronal death and biochemical
abnormalities resembling the pathology seen in disorders such as Huntington’s disease (7,8) and
epilepsy (9,10). A role for endogenous glutamate release and subsequent glutamate receptor activation
in triggering neuronal death under pathological conditions was further suggested by demonstrations
that blockade of presynaptic glutamate release could attenuate neuronal injury in oxygen-deprived cul-
tured hippocampal neurons (11) and that a blockade of the N-methyl-D-aspartate (NMDA) subtype of
glutamate receptors attenuated neuronal injury in rodent models of global ischemia and hypoglycemic
brain damage (12,13). Cell culture models were useful in exploring the ionic changes responsible for
glutamate-mediated cell death (see Section 2). More recent observations suggest that receptor-medi-
ated glutamate toxicity may not be limited to neurons, but may also affect oligodendrocytes (14–16). A
non-receptor-mediated form of glutamate cytotoxicity due to cystine deprivation and lowering of intra-
cellular glutathione has also been described (17,18), although the levels of sustained exposure required
to induce this death are higher than expected in most in vivo situations.

The original description of glutamate-mediated neuronal death in retina and in brain fits with a
morphological picture of necrosis, but glutamate receptor activation can also trigger cell death with
features of apoptosis. More recent findings suggest that, in some circumstances, glutamate receptor-
stimulated Ca2+ entry could promote neuronal survival rather than neuronal death and might specifi-
cally attenuate some forms of neuronal apoptosis (see Section 2).

2. GLUTAMATE NEUROTOXICITY IN VITRO

In vitro systems have made it possible to dissect out some of the ionic alterations and signaling
pathways involved in glutamate-induced neuronal death. Three subtypes of ionotropic glutamate
receptors have been characterized and the subunits comprising these receptors have been cloned
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(19–21; see also Chapters 1 and 2). N-Methy1-D-aspartate receptors and a subset of α-amino-3-
hydroxy-5-methy1-4-isoxazole propionic acid (AMPA) receptors are permeable to Ca2+ as well as
Na+, whereas the majority of AMPA receptors and kainate receptors are permeable to Na+ but not
Ca2+. Metabotropic glutamate receptors (mGluRs) are linked to G-proteins rather than ion channels
(reviewed in refs.22 and 23); activation of these receptors does not appear to mediate excitotoxicity,
but it can modulate it in complex ways (24–27).

Activation of ionotropic glutamate receptors causes an initial Na+ influx (with accompanying Cl–

and water influx) and induces cell body swelling during glutamate overexposure (reviewed in ref. 28;
see also ref. 29). Ca2+ influx through NMDA receptors and through the Ca2+-permeable subset of
AMPA receptors (30), likely augmented by secondary Ca2+ influx through voltage-gated Ca2+ chan-
nels and reverse operation of neuronal Na+–Ca2+ exchangers (resulting from membrane depolarization
and elevated intracellular Na+) (31), is the predominant factor in the neurodegeneration that occurs
over subsequent hours. NMDA-induced neuronal death correlates well with the amount of calcium
influx, as measured by the uptake of radiolabeled calcium (32), or with intracellular free levels
([Ca2+]i) measured with low-affinity indicator dyes (33). A similar correlation between [Ca2+]i and glu-
tamate agonist-induced cell death has been observed in non-neuronal cells transfected with NMDA
receptors (34–35).

The precise downstream mechanisms linking intracellular Ca2+ overload to cell death are still not
entirely clear, but mitochondria probably play an important role. Mitochondrial calcium uptake fol-
lowing glutamate exposure may result in the uncoupling of electron transport from ATP synthesis,
with resultant increased production of mitochondrial reactive oxygen species and derangements of
energy metabolism (36–40). Indeed, free-radical scavengers attenuate glutamate neurotoxicity in
vitro (41,42).

The Ca2+ influx triggered by glutamate receptor activation can also directly activate catabolic
enzymes: calcium-dependent proteases, phospholipases, and endonucleases. For example, calpain is
activated following glutamate receptor activation, and inhibition of calpain attenuates glutamate ago-
nist-induced death in vitro and also reduces neuronal death in transient global ischemia (43–45).

The cellular swelling and calcium overload triggered by the glutamate receptor over activation typ-
ically results in neuronal death with features consistent with necrosis, including early cell body
swelling and loss of plasma membrane integrity, organelle disruption, and insensitivity to inhibitors of
protein synthesis or caspase activity (e.g., refs. 46–49). Some features of apoptosis, such as positive
TUNEL (terminal transferase-mediated dUTP-digoxigenin nick end labeling) staining, internucleoso-
mal DNA fragmentation (DNA laddering), and nuclear and chromatin condensation have been
reported in cultured cerebellar granule cells and neocortical neurons exposed to glutamate agonists
(50–52). TUNEL staining and DNA ladders have also been observed in neurons dying by excitotoxic
necrosis (49,53), and in isolation, they do not support an important role for apoptosis in excitotoxic
neuronal death. Under certain circumstances, pharmacological or genetic inhibitors of apoptosis
reduce glutamate-mediated neuronal death, but many such studies have used relatively immature neu-
rons. For example, protein and RNA synthesis inhibitors attenuate NMDA-induced neuronal death in
cultured retinal ganglion cells and immature neocortical neurons (maintained in culture for 3–5 d)
(54,55). The caspase inhibitor Z-VAD.FMK attenuates NMDA-induced death in more mature (15 d in
culture) rat neocortical cultures exposed to NMDA in the absence of Mg2+ (56), but does not attenuate
NMDA-induced neuronal death in murine neocortical cultures (48). Deletion of the bax gene attenu-
ates glutamate and kainate-induced death in neocortical neurons grown in culture for 4 d (57). At least
some of the glutamate-induced neuronal death in such immature neurons could be secondary to cystine
depletion rather than receptor-mediated excitotoxicity, an idea supported by the observation that bax
gene deletion did not alter the vulnerability of more mature (14 d in culture) murine neocortical neu-
rons to NMDA-mediated excitotoxicity (Gottron and Choi, unpublished observation). Taken together,
available observations support a model in which excitotoxic glutamate receptor overactivation favors
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necrosis, but can also lead to apoptosis under certain circumstances. In particular, factors such as
milder insult intensity (see ref. 54), cell immaturity (associated with fewer glutamate receptors and
intrinsically higher propensity to undergo apoptosis) (58), low intracellular Ca2+, and low trophic fac-
tor availability may favor apoptosis after any insult, including excitotoxic insults. Mixed forms of
death may be particularly prominent in vivo, where an initial excitotoxic insult may be followed by
loss of trophic factor or surface factor support resulting from damage to inputs or surrounding cells.

Ca2+ may not be the only divalent cation important to excitotoxicity, as toxic neuronal uptake of
Zn2+ released from glutamatergic presynaptic nerve terminals has been suggested to interact impor-
tantly with excitotoxicity (for review, see refs. 59–61). A chelatable pool of zinc is located in synaptic
vesicles within glutamatergic nerve terminals throughout the telencephalon (see ref 59). Zn2+ directly
inhibits the NMDA receptor (62–64) and modulates multiple other receptors and channels, the former
including GABA, glycine, and purine receptors (reviewed in ref. 65). It may also induce a delayed
upregulation of NMDA receptor function and NMDA receptor-mediated excitotoxicity (66). In addi-
tion to its neuromodulatory role, Zn2+ can enter postsynaptic neurons in toxic quantities via routes
facilitated by AMPA/kainate and NMDA receptor activation (67), and thereby contribute to neuronal
death after transient global ischemia (68,69) and seizures (70,71).

A central role for K+ efflux in promoting apoptosis has been increasingly suspected, and in neurons,
this efflux may be mediated both by the delayed rectifier Ik as well as glutamate receptors (72–74). The
blockade of potassium channels reduces neuronal death in focal and global ischemia (75,76), contrary
to the conventional expectation that this maneuver would enhance excitotoxicity and thus increase
ischemic neuronal death.

Although many studies in cultured neurons, like the early in vivo studies of glutamate toxicity, have
focused on neuronal death induced by exogenously added glutamate agonists, cell culture models have
also provided insights into the role of endogenously released glutamate in neuronal death after other
insults. For example, the blockade of NMDA receptors attenuates oxygen–glucose deprivation-
induced death in cultured neocortical neurons (77,78) and death induced by exposure to the mitochon-
drial toxin 3-nitropropionic acid in organotypic corticostriatal slice cultures (79). Oxygen–glucose
deprivation-induced neuronal death is associated with enhancement in neuronal [Ca2+]i and with
uptake of radiolabeled Ca2+ (80,81).

3. GLUTAMATE NEUROTOXICITY IN ANIMAL MODELS 
OF NEURONAL INJURY

Extracellular glutamate levels are elevated in brain following ischemia (82), seizures (83), and
head trauma (84). Although Simon’s original observation that NMDA antagonists attenuate hip-
pocampal neuronal death following global ischemia has not been consistently confirmed [(12); but
see ref. 85], AMPA receptor antagonists have reduced hippocampal injury following global ischemia
in many studies (85–88) and also reduce infarct volume following focal ischemia (89,90). NMDA
antagonists, especially if administered prior to the onset of ischemia, reduce infarct size in rodent and
feline models of both transient and permanent focal ischemia (91–93). Administration of glutamate
antagonists improves neurological outcome in rodent models of traumatic brain injury (94,95) and
spinal cord injury (96).

Other factors present in the injured nervous system could cause neurons to become vulnerable to
glutamate neurotoxicity even when the synaptic release and extracellular concentration of glutamate
are not especially elevated [e.g., when neuronal homeostatic mechanisms are compromised by energy
depletion (97) or mitochondrial dysfunction (98–100)]. Glutamate-mediated excitotoxicity could thus
contribute, at least in a secondary fashion, to the neuronal loss associated with chronic neurodegenera-
tive diseases such as Huntington’s disease (7,8,101), Alzheimer’s disease (e.g., see refs. 102 and 103
for reviews), or Parkinson’s disease (104,105). In particular, loss of transporter-mediated glutamate
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uptake has been postulated to promote the excitotoxic death of motor neurons in amyotrophic lateral
sclerosis (106).

Glutamate-mediated neuronal death in cultured cells can have mixed features of both necrosis and
apoptosis (see Section 2); similar observations have been made in models of excitotoxic cell death in
vivo. Neurons in adult rat brains typically die a morphologically necrotic death after intrastriatal injec-
tion of glutamate receptor agonists (107,108), but these same neurons may exhibit some features of
apoptosis, including TUNEL positivity and transient DNA laddering (109); injection of non-NMDA
agonists also induces chromatin clumping (110). Selective neuronal death following global ischemia
can evolve over 2–3 d (111,112) and exhibits many features of apoptosis, although features of necrosis
can also be present (113; reviewed in ref. 114). This death is sensitive to inhibition of caspases or over-
expression of the anti-apoptotic gene bcl-2 (115,116). In contrast, neuronal death following focal
ischemic insults was thought to evolve rapidly via necrosis, but even in this more fulminant injury,
recent experiments have suggested that neuronal death can evolve over several days after the onset of
injury (117,118) and may exhibit morphological and biochemical features of apoptosis, including sen-
sitivity to antiapoptotic strategies, even when treatment is delayed for up to 6 h after the onset of
ischemia (117–120). Apoptosis has also been implicated in neuronal death occurring after brain or
spinal cord trauma (121–124) or in association with several chronic neurodegenerative disease states,
including Alzheimer’s disease (125–127) and Huntington’s disease (108).

4. GLUTAMATE NEUROTOXICITY AND MODULATION OF NEURONAL
CALCIUM LEVELS: THE CALCIUM SET POINT

As discussed earlier, glutamate-mediated elevations in [Ca2+]i play a central role in excitotoxic neu-
ronal necrosis. However, developmental neuronal apoptosis has been linked to an opposite change in
calcium levels, i.e., a drop below an optimal “set point” (128). This idea has been most extensively
studied in sympathetic neurons deprived of nerve growth factor and in cerebellar granule cells
switched from high to low potassium media. In cultured sympathetic neurons, [Ca2+]i at early time-
points correlates with survival: lowering [Ca2+]i (reduced extracellular [Ca2+], voltage-gated calcium
channel blockers, or intracellular Ca2+ chelators) enhances apoptosis (128–130), whereas raising
[Ca2+]i (increased extracellular [Ca2+], increased extracellular K+, BayK 8644, or nicotinic receptor
agonists) blocks apoptosis. Similarly, lowering extracellular K+ lowers [Ca2+]i and enhances cerebellar
granule apoptosis (131–133), whereas raising [Ca2+]i by increasing Ca2+ release from intracellular
stores or increasing Ca2+ entry by exposure to elevated K+ or glutamate blocks this apoptosis
(134–136). Reduced levels of [Ca2+]i are found in cultured neocortical neurons undergoing apoptosis
following oxygen–glucose deprivation in the presence of glutamate antagonists (137); NMDA antago-
nists and agonists, respectively, enhance or block neocortical neuronal apoptosis in culture (138). The
association of reduced [Ca2+]i with apoptosis is not limited to neurons. For example, calcium chelators
induce apoptosis in astrocytes and lymphoid cells (139–143). Some authors point to a reduction in
intracellular calcium stores rather than a reduction in overall [Ca2+]i as a mediator of apoptosis [e.g., in
lymphoid cells undergoing apoptosis after glucocorticoid exposure, intracellular calcium stores were
reduced (144,145)]. Elevations in [Ca2+]i have been associated with apoptosis as well, particularly
with activation of some of the mediators of the programmed cell (e.g., see refs. (146–149). It is possi-
ble that deviation of [Ca2+]i from a calcium set point, either up or down, could trigger apoptosis, with
elevations in calcium occurring more universally later in the apoptotic process (150).

If lowering [Ca2+]i can promote neuronal death via apoptosis, it is possible that glutamate antago-
nists might be neurotoxic under some conditions. This possibility was supported by the observation of
pathological changes, most notably vacuolization in the cingulate gyrus, in rats treated with the
NMDA antagonists phenylcyclidine (PCP), MK-801, and ketamine (151), although this may be the
result of released circuit overexcitation rather than Ca2+ deprivation-induced apoptosis (152,153).
More specific support for glutamate antagonist-induced, Ca2+ deprivation-induced neuronal apoptosis
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was provided by observations that NMDA antagonists could induce neuronal apoptosis in culture
(154) and widespread apoptotic neuronal death in the developing nervous system in vivo (155). These
observations not only raise caution against the use of compounds with NMDA antagonist activity in
the young brain, but may also, in part, underlie the neuronal death seen in fetal alcohol syndrome
(156). Studies of head trauma in infant rats demonstrate the two-edged potential of glutamate antago-
nists: early excitotoxic neuronal death is reduced, but later apoptotic neuronal death is enhanced when
NMDA antagonists are administered (157). As discussed above, apoptosis may not be limited to the
developing nervous system and has been described following ischemia or trauma in the adult brain
(see above), as well as in neurodegenerative diseases. Recent studies in our laboratory have suggested
that ischemic apoptosis and apoptosis associated with proteasome inhibition might be associated with
reductions in neuronal [Ca2+]i and that raising [Ca2+]i might attenuate these forms of neuronal death
(137, 161).

Although there have been as of yet no reports of glutamate antagonists enhancing apoptosis when
administered following injury in the adult nervous system, the apoptosis-promoting effects of gluta-
mate antagonists could underlie the disappointing outcome of trials of glutamate antagonists in human
disease (e.g., see ref. 158; reviewed in ref 60). The timing of the administration of NMDA antagonists
may be crucial to the efficacy of this therapeutic approach, with administration in the immediate peri-
ischemic period able to reduce intracellular calcium levels and attenuate acute excitotoxicity, whereas
later administration might tend to exacerbate the apoptotic component of ischemic cell death. It is
plausible that the more complex watersheds in human gyrencephalic brain compared to those of the
lissencephalic rodent brain, together with the not uncommonly stuttering onset of human stroke, would
favor an increased apoptotic component in human versus rodent ischemic brain injury. These concerns
may not be limited to ischemic injury and raise a note of caution regarding the proposed use of NMDA
antagonists in diseases such as Huntington’s disease (159,160) for which proteasome inhibition and
resultant reductions in neuronal [Ca2+]i might occur.
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Maturational Regulation of Glutamate Receptors 

and Their Role in Neuroplasticity
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1. INTRODUCTION

Glutamate receptors mediate most excitatory synaptic transmission in the brain. Additionally, they
mediate many forms of synaptic plasticity such as those thought to comprise the physiological basis of
learning and memory. In the developing brain, glutamate receptor activation is required for appropriate
synaptogenesis and activity-driven refinement of functional synaptic networks (1,2). Thus, in early
brain development, glutamate receptors additionally mediate highly age-specific forms of neuroplas-
ticity that may not continue into maturity. Notably, activity-driven and maturational changes in the
physiological roles glutamate receptors are paralleled by dynamic regulation of their molecular com-
position and functional properties. In this chapter, we review the glutamate receptor subtypes and dis-
cuss the possible relationships between their dynamic regulation during development and their ability
to mediate various forms of synaptic plasticity.

2. GLUTAMATE RECEPTOR SUBTYPES

Glutamate is an ubiquitous excitatory neurotransmitter in the brain, and there are several subtypes
of glutamate receptor (for reviews, see refs 3–5). Glutamate receptors are broadly divided into the
ionotropic glutamate receptors, which from glutamate-gated transmembrane ion channels, and the
metabotropic glutamate receptors, which, when activated by glutamate, trigger intracellular signaling
pathways via receptor-coupled second messengers. The ionotropic glutamate receptors are comprised
of three subtypes whose names derive from selective agonist that bind each with highest affinity: the
α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), N-methyl-D-aspartate (NMDA),
and kainate (KA) receptors (3). The properties of each and their roles in neuroplasticity will be dis-
cussed separately.

2.1. NMDA Receptors
NMDA receptors are well known to be critically involved in many forms of activity- driven

synaptic plasticity, and these have been extensively reviewed (see, for example, ref. 6). Three gen-
eral features of NMDA receptors give them a unique role in the activity-dependent regulation of
synaptic function. First, NMDA receptors form ion channels that are highly permeable to Ca2+ (in
addition to Na+ and K+), and the influx of Ca 2+ through NMDA receptors may trigger Ca2+-depen-
dent signaling pathways that regulate synaptic function and synaptogenesis (7,8) Second, NMDA
receptors are highly voltage-dependent because their channels are blocked by Mg2+ at membrane
potentials at or more negative to the resting potential, and Mg2+ is extruded from the channels only
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upon depolarization (9). Thus, NMDA receptors require concurrent membrane depolarization
(through the activation of non-NMDA ionotropic glutamate receptors) and glutamate binding to
conduct appreciable current. This voltage dependence gives NMDA receptors the capacity to acti-
vate mechanisms of neuroplasticity in response only to specific patterns of synaptic input. The third
key feature of NMDA receptors is that their channel kinetics are much slower than those of non-
NMDA ionotropic glutamate receptors, and, therefore, their activation can result in relatively long-
lasting membrane depolarization. This prolonged depolarization can further relieve the Mg2+ block
of NMDA receptor channels, recurrently increasing membrane depolarization and activating high
voltage- activated Ca2+ channels to additionally increase intracellular Ca2+. In addition to their con-
tributions to physiological forms of neuroplasticity, the Ca2+ permeability and kinetic properties of
NMDA receptors give them a critical role in pathophysiological processes such as ictal seizure dis-
charges and hypoxic/ischemic neuronal injury (10–12).

The precise properties of native NMDA receptors are determined in large part by the particular
combination of independently genetically encoded molecular subunits that comprise each receptor
(3). NMDA receptors are heteromerically assembled from subunits dubbed NRI, and NR2A, B, C,
and D (for reviews, see refs (13and 14). Evidence from recombinant expression studies indicates
that only receptors composed of both NRI and NR2 subunits exhibit the functional properties of
native NMDA receptors and, further, that certain properties (such as Mg2+ sensitivity or channel
kinetics) differ subtly depending on the particular NR2 subunits expressed (15,16). Notably, NRI
subunits are expressed throughout the brain, whereas each of the NR2 subunits displays regionally
and developmentally specific expression patterns (17). Thus, regional and maturational differences
in NMDA receptor properties appear to derive in large part from differences in the particular NR2
subunits expressed.

Differences in the key properties of NMDA receptors that result from different subunit combina-
tions can have profound consequences for neuroplasticity and disease. The properties of NMDA recep-
tors generally are such that their activity is enhanced during early postnatal development, and this is a
period in which neuroplasticity is more robust and the brain is highly susceptible to epileptogenesis
and excitotoxicity. For example, NMDA receptor-mediated synaptic currents appear generally to be
more slowly decaying in the early postnatal brain compared to the adult (18,19). In the forebrain, the
ratio of NR2B to NR2A expression is much greater during early brain development compared to adult-
hood. Recombinant NMDA receptors that contain predominantly NR2B tend to exhibit slower decay
times than those containing NR2A (17,20,21), and native NMDA receptors in neurons that express
NR2A exhibit more rapid decay kinetics compared to those in neurons that do not express detectable
NR2A transcripts (22). Therefore, activation of NMDA receptors in immature forebrain neurons
would be expected to induce a much longer-lasting depolarization and possibly increase the capacity
for glutamate-mediated neuroplasticity compared to their adult counterparts. Consistent with this
notion, the capacity for NMDA receptor-mediated synaptic plasticity has been observed to be
enhanced in the immature brain and decreases with maturation (19,23). Additionally, transgenic mice
overexpressing NR2B were observed to maintain enhanced NMDA receptor- dependent synaptic plas-
ticity (and learning) into adulthood compared to wild-type mice (24). These data indicate that NMDA
receptor-mediated mechanisms of synaptic plasticity can be strongly influenced by relatively subtle
differences in the properties of the NMDA receptor channels.

Notably, the NR2D subunit also is expressed at higher levels in subcortical structures in the imma-
ture brain compared to the adult brain (17,25). Dimeric receptors composed of NRI and NR2D exhibit
decreased channel block by Mg2+ and slower decay kinetics compared to receptors composed of other
subunit combinations (25,26). Thus, the transient developmental upregulation of NR2D could enhance
NMDA receptor-mediated plasticity in the immature brain by decreasing the Mg2+-block of NMDA
receptor channels at resting membrane potentials and allowing significant membrane depolarization
and Ca2+ influx in response to any pattern of afferent activation.
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More generally, these data taken together indicate that NMDA receptor composition and function is
geared toward increased synaptic plasticity in the developing brain, where synaptogenesis and activity-
dependent refinement of synaptic networks is ongoing and a high level of plasticity is necessary. This
scenario also renders the immature brain more susceptible to NMDA receptor-mediated injury com-
pared to the adult brain (27).

2.2. AMPA Receptors
In contrast to NMDA receptors, AMPA receptors mediate fast excitatory neuronal signaling, as they

exhibit rapid activation and desensitization, operate linearly near the resting membrane potential, and
mostly form ion channels that are virtually impermeable to Ca2+ for review, see ref. (3). For these rea-
sons, AMPA receptors historically were viewed as simply transmitting bits of information between
neurons, and their role in neuroplasticity was thought to be only in the ability for Ca2+-activated mech-
anisms to adjust the gain of the signals that AMPA receptors transmit. This role for AMPA receptors
certainly has been firmly established, as studies over the last several years have revealed numerous
posttranslational mechanisms by which AMPA receptor function is regulated by synaptic activity and
Ca2+-dependent pathways (28).

It is now clear, however, that a subset of AMPA receptors in the brain and spinal cord exhibit rel-
atively high permeability to Ca2+ and can directly activate Ca2+-dependent mechanisms of neuro-
plasticity similarly to NMDA receptors. AMPA receptors are thought to be pentamers assembled
from any combination of the molecular subunits GluR1, 2,3, and 4 (alternatively, GluRA–D) (3).
Notably, each AMPA receptor gene encodes a subunit that will form homomeric channels that are
permeable to Ca2+ and other divalent cations. However, only the GluR2 mRNA undergoes posttran-
scriptional editing that results in the replacement of a neutral glutamine (Q) by a charged arginine
(R) at a key site within the putative pore-forming region of the AMPA receptor channel to express a
Ca2+-impermeable channel (29). Recombinant AMPA receptors that lack a GluR2 subunit exhibit
significantly greater permeability to Ca2+ and other divalent cations compared to those that contain
GluR2 (30–33).

In embryonic rat brain, the proportion of Q/R edited to unedited GluR2 increases with age, with vir-
tually 100% of GluR2 being edited in the postnatal brain (34) Thus, among native AMPA receptors,
only those that lack a GluR2 subunit will exhibit appreciable divalent permeability. In the adult rat
brain, the vast majority of AMPA receptors expressed in the forebrain contain GluR2. However, a
number of molecular and electrophysiological studies in the last several years indicated that a subset of
neurons in the postnatal nervous system express AMPA receptors that may lack GluR2 and exhibit rel-
atively high permeability to Ca2+ and that these may have a role similar to that of NMDA receptors in
activating Ca2+ dependent pathways of neuroplasticity. In spinal cord, for example, strong activation of
Ca2+-permeable AMPA receptors (with NMDA receptors pharmacologically blocked) was observed to
potentiate AMPA receptor-mediated excitatory postsynaptic currents (EPSCs) in a subpopulation of
dorsal root ganglion neurons (35). In the hippocampus, Ca2+ influx through AMPA receptors was
shown to be necessary for the induction of long-term depression (LTD) observed in type II interneu-
rons in area CA3 (36).

Notably,the ratio of expression of GluR2 subunits to that of other AMPA receptor subunits is signif-
icantly lower in the immature hippocampus compared to the adult (37,38). and a larger number of
principal neurons express divalent-permeable AMPA receptors in the neonatal hippocampus compared
to the adult (38). Thus, similar to NMDA receptors, maturational regulation of this key feature of
AMPA receptors may confer upon them a specialized role in Ca2+-dependent neuroplasticity during
early brain development. The expression of these receptors in principal forebrain neurons selectively
during early postnatal development suggests their possible role in normal development and age-depen-
dent plasticity, as well as in the enhanced susceptibility of the immature brain to AMPA receptor-medi-
ated epileptogenesis and excitotoxic injury (38–40).
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2.3. Kainate Receptors
Historically, kainate receptors were viewed as similar to AMPA receptors, largely because of their

overlapping pharmacological sensitivities, fast kinetics, and lack of voltage dependence, but they are
molecularly and functionally distinct (41). kainate receptors are heteromerically assembled from the
molecular subunits GluR5, 6, and 7, and KAI and KA2. The GluR5 and GluR6 subunits also undergo
posttranscriptional editing at the codon for the Q/R site that results in significantly decreased Ca2+ per-
meability (29). Similarly to AMPA receptors, the proportion of Q/R edited subunits increases with
maturation (42), and in spinal cord neurons, this has been shown to be correlated with a developmental
decrease in Ca2+ permeability (43), These observations suggest specialized roles of divalent-permeable
kainate receptors in neuroplastic processes during early brain development.

The lack of adequately specific agonists and antagonists historically made it difficult to distinguish
kainate receptor-mediated responses from those of AMPA receptors in native brain preparations to
examine their potential roles in neuroplasticity. Recently, using an antagonist that specifically blocks
GluR5-containing kainate receptors, Collingridge and colleagues were able to determine that a form of
hippocampal long-term potentiation (LTP) known to be independent of NMDA receptor activation can
be induced by the activation of postsynaptic kainate receptors in CA3 pyramidal neurons (44). Kainate
receptor-mediated postsynaptic currents in these neurons in hippocampal slices are extremely small
compared to AMPA receptor-mediated or NMDA receptor-mediated EPSCs and require temporal
summation following trains of repeated stimulation (with AMPA and NMDA receptors pharmacologi-
cally blocked) to be clearly distinguished from noise by conventional voltage-clamp recording meth-
ods (45). Thus, at first glance, it would appear unlikely that such small events could result in a rise in
intracellular Ca2+ that is sufficient to activate signaling pathways that fail to be activated following the
much larger events that result from NMDA or AMPA receptor activation in the same cells. However, it
is conceivable that kainate receptors could be specifically coupled to second messengers that do not
interact with other glutamate receptors or are sequestered from Ca2+ entering through AMPA or
NMDA receptors. Notably, the antagonist used by Collingridge’s group was shown among recombi-
nant homomeric kainate receptors to be highly selective for GluR5-containing receptors, yet in situ
hybridization studies suggest that CA3 pyramidal neurons do not express mRNA for this subunit in
abundance (46,47). It certainly is possible that native kainate receptors respond differently than the
homomeric receptors used to determine drug selectivity (44), but, clearly, the precise role for kainate
receptors in this form of neuroplasticity remains somewhat controversial.

In addition, similar to NMDA and AMPA receptors, kainate receptors appear to undergo develop-
mental regulation in their expression and function in such manner as to promote neuronal excitability
in early brain development. Kidd and Isaac have shown that low-affinity kainate receptors are activated
at thalamocortical synapses in the early postnatal period and that their contribution to postsynaptic
responses decreases with maturation. Notably, the immature brain is much more sensitive to the
epileptogenic effects of kainate compared to the adult (48,49). However, as kainate also is a potent
AMPA receptor agonist, it is not yet clear if the maturational state of kainate receptor function is a crit-
ical mediator of the developmental changes in kainate sensitivity.

3. METABOTROPIC GLUTAMATE RECEPTORS

Whereas the ionotropic glutamate receptors are capable of secondarily directly or indirectly activating
mechanisms of synaptic plasticity, the metabotropic receptors are directly coupled to second-messenger
pathways that mediate forms of short-term plasticity. There are at least eight cloned metabotropic gluta-
mate receptors (termed mGluR1–mGluR8) (4). These have been classified into three groups based on
sequence homology, coupling to second-messenger systems, and pharmacological sensitivities. Group I
receptors are coupled to phosphoinositide (PI) hydrolysis that leads to Ca2+ mobilization from intracellu-
lar stores, whereas groups II and III receptors are negatively coupled to adenylyl cyclase (AC) activity.
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Although the consequences of metabotropic glutamate receptor activation vary depending on receptor
type, neuronal type, or brain region, some general principles regarding the outcomes of their activation
have emerged (5). Postsynaptic group I metabotropic receptor activation, in general, causes and increase
in the intrinsic excitability of principal neurons (particularly in hippocampal CA1 and CA3 subfields),
mainly via down-modulation of voltage-gated potassium channels (50), groups II and III receptor activa-
tion tends to depress excitatory synaptic transmission by inhibiting glutamate release (51).

Evidence suggests that group I postsynaptic metabotropic glutamate receptors are mostly involved
in the regulation of synaptic plasticity (for reviews, see refs. 52 and 53). For example, mice lacking
mGluR5 show reduced hippocampal CA1 LTP (although CA3 LTP was normal) (54). However, presy-
naptic metabotropic glutamate receptors also may play roles in synaptic plasticity, as Laezza et al.
showed that LTD in CA3 interneurons only resulted from a synergistic effect that required both the
activation of presynaptic metabotropic receptors and Ca2+ entry through postsynaptic AMPA receptors
(36). Thus, either presynaptic or postsynaptic metabotropic glutamate receptors may contribute to glu-
tamate-mediated synaptic plasticity under different conditions.

Interestingly, in the developing brain, as with the ionotropic glutamate receptors, metabotropic glu-
tamate receptor function undergoes maturational regulation in such a manner as to promote neuronal
excitability in early postnatal development. Agonist-stimulated PI turnover has been shown to be rela-
tively robust in slices of immature rat brain, increasing from age P1 to P7–P10 before gradually
decreasing to adult levels at around P24 (55). This contrasts with the activity of metabotropic receptors
negatively coupled to AC, as cyclic AMP accumulation induced by the AC activator forskolin was
shown to be inhibited by the nonspecific metabotropic glutamate receptor agonist 1S,3R(ACPD) in
adult but not in neonatal (P1–P15) rat hippocampus (56,57). Notably, metabotropic glutamate recep-
tors negatively coupled to AC are expressed in early postnatal development, but nonspecific
metabotropic receptor activation in the neonatal hippocampus increases basal cyclic AMP levels (58)
and, thus, would be expected to promote neuronal excitability in early postnatal development. Consis-
tent with notion, the nonspecific mGluR agonist 1S,3R-1-aminocyclopentane-1,3,dicarboxylic acid
[(1S,3R)ACPD], which activates both AC- and PI-coupled metabotropic receptors, was shown to elicit
dose- dependent limbic seizures in neonatal (postnatal d 7) rats (59). This proconvulsant effect was
similar to that observed for the specific group I mGluR agonist (R,S)-3,5-dihydroxyphenylglycine
(3,5-DHPG) (60), suggesting that it was mediated by AC-coupled metabotropic receptors. Further-
more, specific group II agonists appear to be anticonvulsant,as intraventricular infusion of the group II
agonist (2S,1′R,2′R,3′R)-2-(2,3-dicarboxycyclopropyl)glycine (DCG-IV) decreased the incidence of
continuous limbic motor seizures induced by intraventricular kainate (61), and microinjection of (S)-4-
carboxy-3-hydroxyphenylglycine ](S)-4C3HPG], a group I antagonist and group II agonist, into the
inferior colliculus inhibited audiogenic seizures in genetically epilepsy-prone rats (62). However, the
proconvulsant actions of nonspecific metabotropic glutamate receptor agonists may not be entirely
age-selective, as microinjections of (1S,3R)ACPD in adult rat hippocampus (63) also elicited limbic
seizures. Compared to the ionotropic glutamate receptors, the developmental pattern of metabotropic
glutamate receptor function is not as clearly linked to the developmental patterns of mGluR gene
expression and glutamate receptor-mediated pathogenesis.

4. SUMMARY

It has been long established that much neuroplasticity in the brain is mediated by the actions of glu-
tamate at glutamate receptors. Additionally,a vast literature exists on the role of glutamate receptors in
neurological disease states, and the selective vulnerability of the immature brain. Until recently, exper-
imental evidence suggested that most glutamate-mediated plasticity and pathology relied on the activa-
tion of the NMDA subtype of glutamate receptor, mainly due to its high permeability to Ca2+.
However, it is now clear that all of the glutamate receptors have the capacity to mediate neuroplastic
and neuropathological processes and that these processes may be enhanced in the developing brain.
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Role of the NMDA Receptor in Neuronal Apoptosis 

and HIV-Associated Dementia

Marcus Kaul, PhD and Stuart A. Lipton, MD, PhD

1. INTRODUCTION

Neuronal injury and apoptosis may account, at least in part, for neurological complications associ-
ated with human immunodeficiency virus (HIV)-1 infection ranging from mild cognitive and motor
impairment to dementia. The primary cell types infected in the brain are macrophages and microglia.
These cells have been found in vivo and in vitro to release neurotoxic factors. Evidence has accumu-
lated that neuronal apoptosis in HIV-related insults occurs predominantly via an indirect pathway
comprising a complex cooperation of cytokines, reactive oxygen species and reactive nitrogen species,
lipid mediators, and excitotoxins. These molecules lead to excessive stimulation of the N-methyl-D-
aspartate subtype of glutamate receptor (NMDAR). Of note, chemokine receptors, which, in conjunc-
tion with CD4, mediate HIV infection of macrophages/microglia, are present on neurons and
astrocytes in addition to macrophages/microglia. Thus, these receptors potentially allow direct interac-
tion between the virus and neurons (Fig. 2). The fact that specific chemokines ameliorate HIV/gp120-
induced neuronal apoptosis that is mediated by NMDARs suggests a functional connection between
the receptors for chemokines and NMDA. Accordingly, here we review the role of the NMDAR in
HIV-1-related and excitotoxic neuronal cell death.

2. GLUTAMATE RECEPTORS, EXCITOTOXICITY, AND NEURONAL
CELL DEATH

NMDAR belongs to a large and heterogeneous family of membrane proteins, the glutamate recep-
tors. These glutamate receptors recognize the major excitatory neurotransmitter in the central nervous
system (CNS), (S)-glutamic acid (Glu), and other related excitatory amino acids (EAAs) (1–3). To
date, four classes of EAA receptors have been identified and many member subunits cloned. These
include three “ionotropic” receptor classes [iGluRs, comprised of ligand-gated ion channels termed
(RS)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid (AMPA), kainic acid (KA), and
NMDA receptors] and a G-protein-coupled or “metabotropic” EAA receptor class (mGluRs) (1,2,4).
Both iGluRs and mGluRs are considered to play important roles in the CNS under normal physiolog-
ical and pathophysiological conditions. Under physiological conditions, activation of iGluRs in neu-
rons initiates transient depolarization and excitation. AMPARs mediate the fast component of
excitatory postsynaptic currents and NMDARs underlie a slower component. Presynaptic release of
Glu and consequent depolarization of the postsynaptic neuronal membrane via AMPAR-coupled
channels relieve the Mg2+ block of the ion channel associated with the NMDAR under resting condi-
tions. This effect allows subsequent controlled Ca2+ influx through the NMDAR-coupled ion channel.
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This voltage-dependent modulation of the NMDAR results in activity-driven synaptic modulation
(2,5). However, extended and/or excessive NMDAR activation and consequent overexcitation can
damage neurons and eventually cause cell death. This process is called excitotoxicity and appears to
be favored by sustained elevation of the intracellular Ca2+ concentration and/or compromised cellular
energy metabolism (5,6).

A role for Glu excitotoxicity in brain disorders was first suggested by the work of Olney following
the pioneering work of Lucas and Newhouse in the retina (6). Subsequently, several lines of evidence
indicated that excessive stimulation of glutamate receptors contributes to the neuropathological
processes in stroke, head and spinal cord injury, Huntington’s disease, Parkinson’s disease, possibly
Alzheimer’s disease, amyotrophic lateral sclerosis, multiple sclerosis, glaucoma, and HIV-1 associated

Fig. 1. Current model of NMDA receptor-associated neuronal injury. Schematic illustration of NMDAR-
related signaling pathways that lead to neuronal apoptosis and may contribute to neurodegenerative disease,
including HIV-associated dementia. These pathways can be interrupted to prevent neuronal apoptosis; thus, their
study affords the opportunity to develop potential treatments for various neurologic diseases. Drug or molecular
therapies are being developed to (1) antagonize NMDA receptors (NMDA-Rc), (2) modulate activation of the p38
mitogen-activated kinase (MAPK)–MEF2C (transcription factor) pathway, (3) prevent toxic reactions of free radi-
cals such as nitric oxide (NO) and reactive oxygen species (ROS) that form peroxynitrite (ONOO–), and (4) inhibit
apoptosis-inducing factors, including caspases. Activation of the p38 MAPK–MEF2C pathway appears to occur
upstream of the effector caspases (not illustrated here). (Color illustration in insert following p. 142.)
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dementia (1,5,7). Indeed, excitotoxicity seems to represent a common final pathway in a wide variety
of neurodegenerative disorders (8).

NMDAR has attracted particular interest as a major player in excitotoxicity because this receptor, in
contrast to most non-NMDARs (AMPA and KA receptors), is highly permeable to Ca2+, and excessive
Ca2+ influx can trigger excitotoxic neuronal injury (3,9). In addition, NMDAR antagonists effectively
prevent glutamate neurotoxicity, both in vitro and in vivo in animal studies, as well as in recent phase
III clinical trials with the NMDAR open-channel blocker, memantine (2,5,10). However, AMPA and
KA receptors can also mediate excitotoxicity and contribute to neuronal damage under certain condi-
tions (2,5). For example, a subpopulation of Ca2+- or Zn2+-permeable AMPA receptor-coupled chan-
nels have been implicated in selective neurodegenerative disorders, such as ischemia, epilepsy,
Alzheimer’s disease, and amyotrophic lateral sclerosis (3). Also, transgenic mice overexpressing
AMPARs display increased damage subsequent to ischemia when compared to control animals (11).

Excessive stimulation of the NMDAR induces several detrimental intracellular signals that con-
tribute to neuronal cell death by apoptosis or necrosis, depending on the intensity of the initial insult
(12). Excessive Ca2+ influx through NMDAR-coupled ion channels leads to an elevation of the intra-
cellular free-Ca2+ concentration to a point that results in Ca2+ overload of mitochondria, depolarization
of the mitochondrial membrane potential, and a decrease in ATP synthesis. Additionally, excessive
intracellular Ca2+ stimulates protein kinase cascades and the generation of free radicals, including
reactive oxygen species (ROS) and nitric oxide (NO) (12). NO can react with ROS to form cytotoxic
peroxynitrite (OONO–) (12), and in alternative redox states, NO can also activate p21ras by S-nitrosy-
lation (transfer of the NO group to a critical cysteine thiol) (13). However, the NO group can also
inhibit caspases in cerebrocortical neurons via S-nitrosylation, thereby attenuating apoptosis (14). The
scaffolding protein PSD-95 (postsynaptic density-95) links the principal subunit of the NMDAR
(NR1) with neuronal nitric oxide synthase (nNOS), a Ca2+-activated enzyme, and thus brings nNOS
into close proximity to Ca2+ via the NMDAR-operated ion channel (15) (see Fig. 1).

Importantly, excessive Ca2+ influx also activates the stress-related p38 mitogen-activated protein
kinase (p38 MAPK)/myocyte enhancer factor 2C (MEF2C transcription factor) pathway and c-Jun N-
terminal kinase (JNK) pathways in cerebrocortical or hippocampal neurons. Activation of these path-
ways has been implicated in neuronal apoptosis (16,17). As stated above, excessive intracellular Ca2+

accumulation after NMDAR stimulation leads to depolarization of the mitochondrial membrane
potential (∆Ψm) and a drop in the cellular ATP concentration. If the initial excitotoxic insult is fulmi-
nant, the cells do not recover their ATP levels and die at this point because of the loss of ionic home-
ostasis, resulting in acute swelling and lysis (necrosis). If the insult is milder, ATP levels recover, and
the cells enter a delayed death pathway requiring energy, known as apoptosis (12).

It has been reported that NMDAR-mediated excitotoxicity leading to neuronal apoptosis also
involves activation of the Ca2+/calmodulin-regulated protein phosphatase calcineurin, release of
cytochrome c from mitochondria, activation of caspase-3, lipid peroxidation, and cytoskeletal break-
down (12,18,19). Inhibition of calcineurin or caspase-3 with FK506 caspase inhibitors, respectively,
can attenuate this form of excitotoxicity (12,19). It has been proposed that the adenine nucleotide
translocator (ANT) is a part of the mitochondrial permeability transition pore (PTP) and participates in
mitochondrial depolarization. Indeed, our group has found that pharmacologic blockade of the ANT
with bongkrekic acid prevented collapse of the mitochondrial membrane potential (∆Ψm), as well as
subsequent caspase-3 activation and NMDA-induced neuronal apoptosis. However, treatment with
bongkrekic acid failed to inhibit the transient drop in ATP concentration (although it hastened the
recovery of ATP levels) and did not prevent the liberation of cytochrome c into the cytosol. Thus, initi-
ation of caspase-3 activation and resultant neuronal apoptosis after NMDAR activation require a fac-
tor(s) in addition to cytochrome c release (18).

Interestingly, stimulation of specific subtypes of the G-protein-coupled mGluRs interferes with
excitotoxic NMDAR-mediated activation of MAPKs and can attenuate subsequent neuronal cell death
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(16). Additionally, glial cells, including astrocytes, microglia, and oligodendrocytes, may possess
some types of glutamate receptor (4). Both AMPA and KA receptor subtypes as well as mGluRs have
been reported on microglia, and functional NMDARs have been reported to exist in some cases on
astrocytes and oligodendrocytes (although these latter findings of NMDARs need to be verified). Glial
glutamate receptors appear to be involved in interactions between neuronal and glial cells and, hence,
may conceivably contribute to synaptic efficacy. Furthermore, under certain pathologic circumstances,
such as cerebral hypoxia–ischemia and possibly HIV-1 infection of the brain, astrocytes and oligoden-
drocytes may undergo glutamate-mediated excitotoxic cell death (4).

3. HIV-1 INFECTION AND NMDA RECEPTOR-RELATED 
NEURONAL APOPTOSIS

HIV-associated dementia eventually develops in approximately half of children and a quarter of
adults infected with HIV-1 (7). Neuropathological features that may accompany this cognitive–motor
complex include dendritic and synaptic damage, apoptosis and frank loss of neurons, myelin pallor,
astrocytosis, and infiltration of macrophages, microglia, and multinucleated giant cells (7,20,21).

Addiction to drugs, such as heroin, cocaine, and methamphetamine, is considered to be a major risk
factor for HIV infection (22). Furthermore, it has been proposed that abuse of substances that cause by
themselves profound alterations in CNS function could also affect the development of HIV-associated
dementia (23). An autopsy study detected evidence of HIV encephalitis, including multinucleated
giant cells and HIV p24 antigen, more frequently in HIV-positive drug users than HIV-infected homo-
sexual man (24), and cocaine has been implicated in facilitation of HIV entry into the brain (25,26).
However, although an effect of substance abuse on HIV-associated dementia appears likely, direct
links between drug addiction and HIV-induced brain injury remain to be elucidated (23).

Macrophages and microglia play a crucial role in HIV-associated dementia because they are the
predominant cells productively infected with HIV-1 in AIDS brains (7). Infection of astrocytes has also
been rarely observed in pediatric cases (reviewed in ref. 27). It is currently held that HIV-1 infected
macrophages migrate into the brain (28), thus allowing viral entry into the CNS, and the presence of
macrophages/microglia has been reported to correlate with the severity of HIV-associated dementia
(29). Furthermore, we and our colleagues have shown that HIV-1-infected or immune stimulated
macrophages/microglia produce neurotoxins (7,30).

The mechanisms that initiate and mediate HIV-associated dementia are not completely under-
stood. HIV-1 apparently enters the CNS soon after peripheral infection, and the virus primarily
resides in microglia and macrophages, especially in those located in the perivascular space (28). It is
not clear if the migration of infected monocytes and macrophages represents the only pathway for
viral entry into the brain. Additionally, infection of monocytoid cells per se may not be sufficient to
initiate the dementing process (28). In the CNS, HIV-1 is thought to cause immune activation of
macrophages/microglia, changes in expression of cytokines, chemokines, and their receptors, and
upregulation of endothelial adhesion molecules (reviewed in ref. 28). However, these observations
may be the result of the process rather than the inciting event for HIV-1-associated brain pathology.
Therefore, it has been proposed that peripheral (non-HIV) infection or other factors may trigger
events leading to dementia after HIV-1 infection in the CNS has been established. One such factor
could be the increased number of activated monocytes in the circulation that express CD16 and
CD69. These activated cells could possibly adhere to the normal endothelium of the brain microvas-
culature, transmigrate, and then trigger a number of deleterious processes (28).

Infection of cells by HIV-1 can occur after binding of the viral envelope protein gp120 to one of
several possible chemokine receptors in conjunction with CD4. Depending on the exact type of gp120,
different HIV-1 strains may use CXCR4, CCR3, CCR2, CCR5, or a combination of these chemokine
receptors to enter target cells (31,32). Microglia are infected by HIV-1 primarily via CCR5 and CCR3,
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and possibly via CXCR4 (33). CCR5 and CXCR4, among other chemokine receptors, are also present
on neurons and astrocytes, and, in particular, CXCR4 and CCR5 are highly expressed on neurons of
macaques and humans (34). In vitro studies strongly suggest that chemokine receptors are directly
involved in HIV-associated neuronal damage (17,35,36).

Even in the absence of intact virus, the HIV proteins gp120, gp41, gp160, Tat, Nef, Rev, and Vpr
have been reported to initiate neuronal damage both in vitro and in vivo (37–41). In this regard, the viral
envelope protein gp120 has been of particular interest, as it is essential for selective binding and signal-
ing of HIV-1 to its target cell and for viral infection (17,33,35,36,39). Additionally, evidence has been
provided that gp41, the membrane-spanning region of the viral envelope protein, correlates with the
expression of immunologic/type II NOS (iNOS) as well as the degree of HIV-associated dementia (40).

A recurring question has been whether HIV-1 or its component proteins induce neuronal damage
predominantly by an indirect route (e.g., via toxins produced by infected or immune-stimulated
macrophages and/or astrocytes) or by a direct route (e.g., via binding to neuronal receptors) (7,17,42).
Several lines of evidence suggest that HIV-associated neuronal injury involves predominantly an indi-
rect route and resulting excessive activation of NMDARs with consequent excitotoxicity (30,43,44).
Analysis of specimens from AIDS patients (44) as well as in vivo and in vitro experiments indicate
that HIV-1 infection creates excitotoxic conditions, most probably indirectly via induction of soluble
factors in macrophage/microglia and/or astrocytes, such as glutamatelike molecules, viral proteins,
cytokines, chemokines, and arachidonic acid metabolites (7,42,45).

However, it has also been suggested that HIV-1 or its protein components can directly interact with
neurons and also modulate NMDAR function, at least under some conditions (35,46). Picomolar con-
centrations of soluble HIV/gp 120 induce injury, both in vitro and in vivo, and this can lead to apopto-
sis in primary rodent and human neurons (37,39). Additionally, our group and subsequently several
others have shown that gp120 contributes to NMDAR-mediated neurotoxicity (43). Both voltage-gated
Ca2+ channel blockers and NMDAR antagonists can ameliorate gp120-induced neuronal cell death in
vitro, although NMDAR antagonists are more effective in their protection (43,47). Transgenic mice
expressing gp120 manifest neuropathological features that are similar in many ways to the findings in
brains of AIDS patients, and in these mice, neuronal damage is ameliorated by the NMDAR antagonist
memantine (38,48). Memantine acts as an open-channel blocker of the NMDAR-coupled ion channel,
but the drug only manifests significant action when the NMDAR is excessively activated, leaving rela-
tively spared normal synaptic transmission. Hence, memantine has proven to be clinically tolerated in
a number of human trials and is already avialable in Europe for other clinical indications. It is also
conceivable that other glutamate receptors in addition to NMDARs influence HIV-associated neuronal
damage. For example, disparate mGluRs have been found to up- or down-modulate excitotoxic signals
triggered by NMDARs (16).

In our hands, the predominant mode of HIV-1- or gp120-induced neurotoxicity of cerebrocortical
neurons requires the presence of macrophages/microglia; HIV-1-infected or gp120-stimulated
mononuclear phagocytes have been shown to release neurotoxins that lead to excessive stimulation of
NMDARs (17,30). These macrophage toxic factors include molecules that directly or indirectly act as
NMDAR agonists, such as quinolinic acid, cysteine, and arachidonic acid and its metabolites, such as
platelet-activating factor (PAF), a low-molecular-weight amine designated NTox, and perhaps gluta-
mate itself (7,45,49).

Additionally, activated macrophages/microglia and possibly astrocytes produce inflammatory
cytokines, including tumor necrosis factor (TNF)-α and interleukin (IL)-1β, arachidonic acid metabo-
lites, and free radicals (ROS and NO) that may contribute to excitotoxic neuronal damage (7,45). TNF-
α and IL-1β may amplify neurotoxin production by stimulating adjacent glial cells and by increasing
iNOS activity [(45); Fig. 2].

In contrast to these indirect neurotoxic pathways, it has been reported that gp120 can directly
interact with neurons when the neurons are exposed to gp120 in the absence of glial cells. Recently,
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picomolar levels of gp120 was found to act at chemokine receptors on neurons to induce their death
(35). Additionally, higher (nanomolar) concentrations of gp120 have been reported to interact with
the glycine-binding site of the NMDAR (50), although it is not clear if gp120 exists at this high a
level in the HIV-infected brain. Furthermore, gp120 may produce a direct excitotoxic influence via
NMDAR-mediated Ca2+ oscillations in rat hippocampal neurons (51) and may bind to noradrenergic
axon terminals in neocortex, where it possibly potentiates NMDA-evoked noradrenaline release (52).
Nonetheless, it must be emphasized that many, if not all, of these direct effects on neurons were

Fig. 2. Current model of HIV-associated neuronal injury. Immune activated and HIV-infected brain
macrophages/microglia release potentially neurotoxic substances. These substances, emanating from macrophages
and also possibly from reactive astrocytes, contribute to neuronal injury and apoptosis as well as to proliferation
and activation of astrocytes (astrocytosis). A major mode of entry of HIV-1 into monocytoid cells occurs via the
binding of gp120 and, therefore, it is not surprising that gp120 (or a fragment thereof) is capable of activating unin-
fected macrophages to release similar factors to those secreted in response to frank HIV infection. Macrophages
bear CCR5 and possibly CXCR4 chemokine receptors on their surface in addition to CD4, and gp120 binds via
these receptors. Some populations of neurons and astrocytes have been reported to also bear CXCR4 and CCR5
receptors on their surface, raising the possibility of direct interaction with gp120. Macrophages and astrocytes
have mutual feedback loops (signified by the reciprocal arrows). Cytokines participate in this cellular network in
several ways. For example, HIV infection or gp 120 stimulation of macrophages enhances their production of
TNF-α and IL-1β (solid arrow). The TNF-α and IL-1β produced by macrophages stimulate astrocytosis. Neuronal
injury is primarily mediated by overactivation of NMDARs with resultant excessive intracellular Ca2+ levels. This,
in turn, leads to overactivation of a variety of potentially harmful enzyme systems, the formation of free radicals,
and release of the neurotransmitter—glutamate. Glutamate subsequently overstimulates additional NMDARs on
neighboring neurons, resulting in further injury. This final common pathway of neurotoxic action can be blocked in
large measure by NMDAR antagonists. For certain neurons, depending on their exact repertoire of ionic channels,
this form of damage can also be ameliorated to some degree by calcium channel antagonists or non-NMDAR
antagonists. Additionally, agonists of β-chemokine receptors, which are present in the CNS on neurons, astrocytes,
and microglia, can confer partial protection against neuronal apoptosis induced by HIV/gp120 or NMDA. IFN-
interferon; IL-interleukin; NO·-nitric oxide; O2·–-superoxide anion; TNF-tumor necrosis factor. (Color illustration
in insert following p. 142.)
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observed in vitro in the absence of glial cells. However, glial cells are known to modify these death
pathways. Thus, we feel that based on work in mixed neuronal/glial systems that simulate the condi-
tions that exist in vivo, the indirect route to neuronal injury is the predominant one.

Along these lines, gp120 has been found to aggravate excitotoxic conditions by impairing astrocyte
uptake of glutamate via arachidonic acid that is released from activated macrophages/microglia (42).
Metabolites of arachidonic acid, such as prostaglandins, also stimulate a Ca2+-dependent release of
Glu by astrocytes (53). Moreover, HIV-1 can induce astrocytic expression of the β-chemokine known
as macrophage chemotactic protein-1 (MCP-1). This β-chemokine, in turn, attracts additional
mononuclear phagocytes and microglia to further enhance the potential for indirect neuronal injury via
release of macrophage toxins (54).

Existing evidence suggests that HIV-1 infection and its associated neurological dysfunction involve
both chemokine receptors and NMDAR-mediated excitotoxicity. This dual-receptor involvement
raises the question of whether G-protein-coupled chemokine receptors and ionotropic glutamate recep-
tors might influence each other’s activity. Indeed, the β-chemokine known as “regulated upon activa-
tion T-cell expressed and secreted” (RANTES), which binds to the chemokine receptors CCR1, CCR3,
and CCR5, can abrogate neurotoxicity induced by gp120 (17) or by excessive NMDAR stimulation
(55). In turn, excitotoxic stimulation can enhance expression of CCR5 (56). Whether or not these find-
ings reflect a mechanism of feedback or crosstalk of these receptors remains to be elucidated.

4. CONCLUSION

Considerable progress has been made in understanding the mechanisms of toxicity associated with
overstimulation of NMDARs that lead to pathological neuronal excitation, excessive Ca2+ influx, free-
radical generation, and apoptosis. Increasing evidence indicates that excitotoxicity represents a com-
mon final pathway in many neurological disorders, including HIV-associated dementia. NMDAR
antagonists can inhibit both in vitro and in vivo the neurotoxicity of glutamate/NMDA and of
HIV/gp120. Additionally, chemokine receptors, essential coreceptors of HIV infection, are present in
the CNS on neurons, astrocytes, and microglia, and agonists of β-chemokine receptors can, in part,
also confer protection against neuronal apoptosis induced by HIV/gp120 or glutamate/NMDA. These
findings suggest the possibility of a functional connection between receptors for chemokines and
NMDA. Recently, phase III trials with the NMDAR antagonist memantine have demonstrated benefit
in a series of neurodegenerative conditions, including Alzheimer’s disease and, what is termed in
Europe vascular dementia. Moreover, a large, multi center clinical trial of memantine for HIV-associ-
ated dementia is currently being analyzed. In the future, clinical studies may lead to therapeutic appli-
cations of chemokines for HIV-associated dementia and other neurodegenerative disorders as well.
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1. INTRODUCTION

Some of the behavioral actions of psychomotor stimulants increase in intensity and duration with
repetitive administration (behavioral sensitization) (1,2). Behavioral sensitization to psychomotor
stimulants appears to be determined by two different but interactive processes or mechanisms. One
mechanism is nonassociative in nature (i.e., does not depend on the stimulus context in which the drug
is experienced) and is related predominantly to neurobiological adaptations that are induced by repeti-
tive exposure to neuropharmacological agents. These would include alterations in receptor sensitivity
and neurotransmitter release capacity, enhanced receptor upregulation, decreases in autoreceptor sen-
sitivity (1,3,4), and cellular and molecular adaptations (5). The primary focus of research directed at
identifying the neural adaptations that may underlie psychomotor stimulant-induced behavioral sensi-
tization has been the meso-accumbens dopamine system because it has been shown to be involved in
mediating the motoric effects of a variety of drugs (6). The principal findings do indeed support a role
for the mesoaccumbens dopamine projections in the development and expression of behavioral sensiti-
zation to psychomotor stimulants. First, behavioral sensitization is associated with enhanced in vivo
and in vitro release of dopamine in the nucleus accumbens (3). Second, the response to D1 dopamine
agonists is augmented in the nucleus accumbens of sensitized rats (7,8). Third, repeated administration
of amphetamine directly onto dopamine cell bodies in the ventral tegmental area (VTA) produces
behavioral sensitization to a systemic challenge (9–11). Based on such findings, the induction of sensi-
tization has been conceptualized to occur in the VTA, where the psychomotor stimulant acts on
dopamine cell bodies to trigger the sequence of cellular events that underlies the development of
behavioral sensitization. The enhanced dopamine release and postsynaptic responsiveness to dopamine
in the nucleus accumbens and striatum, on the other hand, is thought to mediate the expression of sen-
sitization (3,12).

The second set of factors contributing to behavioral sensitization is associative in nature; that is,
they are established through learning processes. Pavlov (13) was probably the first to recognize, for
example, that drugs could act as unconditioned stimuli. In these early studies, it was found that dis-
crete visual and auditory stimuli associated contiguously with injections of morphine or apomorphine
developed, over time, the ability to elicit emesis in dogs when presented alone. Thus, such classical
conditioning can confer to neutral stimuli the ability to elicit certain pharmacological actions of a drug.
With regard to psychomotor stimulants, the conditioned response comes to resemble, to some degree,
the unconditioned motoric effects produced by the drug itself (14).
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An important contributing factor underlying the development of sensitization appears to be the
acquisition of progressively increasing conditioned pharmacological effects, which add to the
unchanging unconditioned response produced by the drug itself and the enhanced sensitivity caused by
neuroadaptive changes in response to repetitive drug exposure. The importance of associative learning
processes in the development of psychomotor stimulant-induced sensitization has also been noted by
Anagnostaras and Robinson (15). The relative contribution of associative and nonassociative factors to
sensitization would depend, of course, on the experimental setting and procedures employed. Not only
is the study of drug-associated conditioned effects important for elucidating the mechanisms responsi-
ble for behavioral sensitization, but understanding such an associative process may also have relevance
for revealing motivational mechanisms operational during addictive behaviors. We have previously
proposed (16) that the classical conditioning of drug effects to environmental cues underlies the devel-
opment of incentive motivation, which is probably the neurobehavioral substrate responsible for crav-
ing. Understanding the circuitry that mediates the conditioned drug effects may aid in the development
of appropriate pharmacotherapeutic adjuncts for the treatment of drug addiction.

2. NEUROBIOLOGY OF COCAINE-INDUCED CONDITIONED INCREASES 
IN LOCOMOTOR ACTIVITY

We have employed a relatively simple design in some of our studies to evaluate the behavioral and
neurobiological variables regulating the acquisition and expression of cocaine-induced conditioned
effects. Basically, three groups of rats are employed in this paradigm. In its simplest form, on d 1 the
first groups of rats (PAIRED) is injected with cocaine (30–40 mg/kg ip) prior to placement in locomo-
tor activity chambers (scented with peppermint) for 30 min. One hour following return to their home
cages, these rats are injected with saline. The second group (UNPAIRED) is treated in a similar fash-
ion, but receives saline prior to placement in the locomotor activity chamber and cocaine in the home
cage. The third group (CONTROL) receives saline in both environments. On d 2, all rats are chal-
lenged with either saline or 10 mg/kg of cocaine prior to placement in the locomotor activity chamber.
In some of our studies, the training sessions were increased to 3, 5, or 7 d when it was necessary to
increase the persistence and strength of conditioning.

We have shown significant conditioned effects of cocaine using this design, which is reflected by
dramatic increases in locomotor output in the PAIRED group on the test day relative to the other
two groups. Evidence from the laboratory (16) indicates that such increases in locomotor activity in
the PAIRED group is established through associative learning mechanisms and does not simply
reflect the inability to habituate to the environment under the influence of the drug, as has been sug-
gested by some.

One of our main interests has been to define the neurobiological substrates underlying the condi-
tioned effects of cocaine. We have found, for example, that dopamine (DA)-depleting lesions of the
nucleus accumbens and amygdala prevented cocaine-induced conditioning after one training session.
The amygdala lesions, however, were not effective in preventing conditioning when more extensive
training was employed. The dopaminergic components of the amygdala appear to play a more subtle
role in the formation of cocaine-conditioned behavior than those in the nucleus accumbens.
Dopamine-depleting lesions of the frontal cortex and striatum were not effective in preventing the con-
ditioned locomotor effects of cocaine. Neurotoxin-induced lesions of the raphe and locus ceruleus
were equally ineffective. Radio-frequency lesions of the dorsal and ventral hippocampus, as well as
the cerebellum, also had little effect on the establishment of cocaine-induced conditioning after one
day of training. Such findings strongly suggested that DA function in the nucleus accumbens and, to a
lesser degree, in the amygdala, is necessary for the formation of cocaine-conditioned behaviors.

It has been suggested that different neurobiological processes are involved in the acquisition and
expression of psychomotor stimulant-induced conditioned increases in motor behavior. With lesions
made prior to training, it is not possible to determine whether the deficit seen is related to disruptions
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in the acquisition process or to the expression of the behavior. Because DA is involved in the stimula-
tory and appetitive properties of psychomotor stimulants, it is not surprising that the blockade of DA
function would lead to decreases in the acquisition of conditioning. For example, neuroleptics coad-
ministered with either amphetamine (17) or cocaine (18,19) have been found to prevent the develop-
ment of conditioned locomotor behaviors. More recently, we have found that D1 and D2 DA receptor
antagonists are equally effective in preventing the formation of cocaine-induced conditioning (20).
Likewise, conditioning in the 1-d design was found only following administration of a combination of
D1 and D2 agonists during training, and not when either was administered separately. This would sug-
gest that concurrent D1 and D2 DA receptor occupation is necessary for conditioning to occur.

There are a variety of mechanisms by which DA antagonists could disrupt the acquisition of
cocaine conditioning (20). It is most likely, however, that the ability of these drugs to decrease or pre-
vent conditioning to psychomotor stimulants is related to their ability to attenuate the unconditioned
effects of the drugs, which are critical in forming the conditioned association. We have suggested that
the ability of DA blockers to prevent conditioning is related to their ability to decrease the motiva-
tional significance of the unconditioned stimulus (e.g., cocaine). It is well established that the
strength of conditioning is directly related to the intensity of the unconditioned stimulus in other con-
ditioning paradigms (16).

Although mixed D1–D2 and selective D1 and D2 antagonists have been found to prevent the estab-
lishment of conditioning to cues associated with cocaine, they have been reported to be relatively inef-
fective in preventing expression once established. Early studies by Beninger and Hahn (21) and
Beninger and Herz (18) found that pimozide did not eliminate the behavioral differential between
cocaine-conditioned animals and their controls. We have recently extended these findings by demon-
strating that neither D1 nor D2 antagonists are effective in altering the differential in performance
between the conditioned and unconditioned rats during the test phase (20).

On the surface, these findings, together with the ability of DA antagonists to block the acquisition
of conditioned behaviors, appear to suggest that although intact DA function is critical for the develop-
ment of conditioning to cocaine-associated cues, it is not necessary for the expression of the condi-
tioned response once established. It is possible that nondopaminergic pathways acquire the ability to
elicit such conditioned reactions. The second alternative is that DA is involved in the expression of the
conditioned behavior and that the differential in activity seen between the conditioned and uncondi-
tioned groups is determined and maintained by increased activity of mesolimbic DA pathways in the
former group, despite similar partial blockades of DA receptors in all experimental groups.

Using the 1-d conditioning paradigm described previously, we have evaluated the ability of stimuli
associated with cocaine to increase mesolimbic DA functions (22). Microdialysis procedures revealed
significant increases in extracellular DA in the nucleus accumbens in the PAIRED group relative to the
control groups during test day. Kalivas and Duffy (23) also have reported increases in mesolimbic DA
elicited by stimuli associated with cocaine. More recent studies in our laboratory have not found such
conditioned increases in DA overflow in either the amygdala or striatum, suggesting some regional
specificity in the effects of conditioned stimuli on DA function. Lesion studies also appear to support
these findings. DA-depleting lesion studies of the nucleus accumbens made immediately after 7 d of
conditioning were able to prevent the expression of the conditioned response when rats were tested 7 d
postoperatively. Gold et al. (24) have reported similar findings.

3. ROLE OF GLUTAMATE IN THE CONDITIONED EFFECTS OF COCAINE

Although dopamine appears to be important for the formation of both the associative and nonasso-
ciative components of sensitization, it has become apparent that other neurotransmitter systems are
involved as well. Of particular importance is glutamate. Karler and colleagues (25,26) were the first to
report that the development of sensitization to cocaine and amphetamine in mice was prevented by
pretreatment with MK-801, a noncompetitive antagonist of the N-methyl-D-aspartate (NMDA) type of
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glutamate receptor. These findings were subsequently confirmed by a number of other investigators in
mice and rats using noncompetitive, competitive, and glycine-site antagonists of the NMDA receptor
(see ref. 27 for review). Interestingly, coadministration of MK-801 with psychomotor stimulants has
also been found to prevent cellular adaptations to repetitive drug exposure, such as DA autoreceptor
subsensitivity in the VTA (28), D1 receptor supersensitivity in the nucleus accumbens (28), aug-
mented, drug-elicited DA efflux in the nucleus accumbens (29), increases in striatal calmodulin con-
tent (30), and increases in VTA tyrosine hydroxylase immunoreactivity (31) and tyrosine hydroxylase
mRNA levels (32).

Although both noncompetitive and competitive NMDA antagonists have been found to consistently
block the development of behavioral sensitization, expression has been somewhat resistant to disrup-
tion (26,33). Preferential involvement of NMDA receptors in the developmental phase of sensitization
suggests some similarity to long-term potentiation (LTP) in which NMDA receptor activation is
required for the induction of LTP (34), whereas its expression involves selective enhancement of the
non-NMDA component of the excitatory postsynaptic potential (35).

All of the above findings taken together suggest that glutamate transmission at NMDA receptor
sites is a requirement in the cascade of cellular changes leading to sensitization. Kalivas (12) has pos-
tulated that sensitization to psychomotor stimulants is determined by the initial increase in somatoden-
dritic DA release in the VTA, which stimulates D1 receptors located on cortical afferents in this
structure to enhance excitatory amino acid (EAA) release. EAA released from the cortical afferents, in
turn, stimulates NMDA receptors on dopaminergic soma and/or dendrites desensitizing D2 somato-
dendritic D2 autoreceptors. This diminishes the hyperpolarization of dopamine cells that normally
accompanies increased somatodendritic dopamine release and permits a further augmentation of
dopamine release. These events lead to enhanced NMDA receptor stimulation and presumably
increased intracellular concentrations of Ca2+ in DA cells, leading to changes in cell function that initi-
ate behavioral sensitization.

This type of postulation represents the nonassociative view in which NMDA antagonists prevent
sensitization by interfering with a critical cellular process initiated by repetitive exposure to psy-
chomotor stimulants. Conversely, and/or in addition, NMDA receptor blockade could also prevent the
development of sensitization by blocking associative processes (i.e., those involved in learning), espe-
cially under experimental circumstances in which such processes may be critical. There is, of course,
considerable evidence to suggest that glutamate is important in learning processes. Glutamate, as
noted, has been implicated in the induction of LTP, which presumably represents an electrophysiologi-
cal model of the elementary changes in synaptic plasticity that underlie memory formation (34–36).
Competitive and noncompetitive antagonists have been reported to inhibit learning in a variety of par-
adigms (37,38).

It is likely that glutamate is also involved in the associative process underlying the development of
cocaine-induced conditioned increases in locomotor activity that contribute to behavioral sensitization.
Sensory information from conditioned stimuli, for example, needs to gain access to meso-accumbens
DA neurons, which we, as well as others, have implicated in the acquisition and expression of condi-
tioned psychomotor stimulant effects. Likewise, these neurons need to ultimately activate motor path-
ways either directly or indirectly. It should be possible to disrupt the acquisition and expression of
cocaine-induced conditioned increases in locomotor behavior by altering functional activity at any
number of relays or integrative centers of this circuit.

Although neither the nucleus accumbens (DA terminal area) nor VTA (DA perikaryal region)
receives input from primary sensory cortical regions, DA activity in this system could be influenced
indirectly through other structures such as the amygdala or frontal cortex. The amygdala, for exam-
ple, receives polysensory information from cortical sensory association areas and project, in turn, to
the nucleus accumbens and VTA (39). The prefrontal cortex sends monosynaptic excitatory amino
acid inputs to both DA and non-DA cells in the VTA (40). Because corticofugal neurons in general
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are predominantly glutamatergic in nature, it should be possible to disrupt both the acquisition and
expression of cocaine-conditioned behaviors with EAA antagonists. This sort of blockade could pre-
vent the acquisition of conditioning by either degrading sensory input (from the CS) or by interfering
with the mechanisms underlying neuronal plasticity associated with conditioning. Expression of
conditioned behaviors, once established, might be disrupted by blocking conditioned stimulus input
to meso-accumbens DA neurons carried by indirect glutamatergic pathways.

Although glutamate antagonists, as noted above, have been found to prevent the induction of behav-
ioral sensitization, few studies have directly examined the ability of such agents to alter the acquisition
or expression of psychomotor stimulant-induced conditioned increases in locomotor activity. Unfortu-
nately, most of the studies that have evaluated the effects of glutamate antagonists on the development
of sensitization have employed designs which do not allow definitive conclusions to be drawn regard-
ing the participation of conditioned drug effects (41–49). These are all studies in which drugs were
either occasionally administered in the test environment (producing latent inhibition) or did not
include appropriate control groups to evaluate the participation of conditioned drug effects.

Stewart and Druhan (50), and Druhan et al. (51), using an appropriate design to reveal conditioned
drug effects, reported that pretreatment with MK-801 blocked the development of conditioned activity
by both amphetamine and apomorphine. Blockade of conditioned locomotor activity increases by sys-
temic MK-801 have also been found by Wolf and Khansa (52) and Segal et al. (53). More recently,
Cervo and Samanin (54) reported blockade of cocaine-induced conditioning by pretreatment with
MK-801 and DNQX (an AMPA [α-amino-3-hydroxy-5-methyl-4-isoxozole propionic acid] receptor
antagonist). Morphine-induced conditioned place preference, which also involves the conditioning of
drug-effects environmental cues, was likewise prevented by pretreatment with MK-801 (55). The pur-
pose of our present studies described below was to extend the above observations by systematically
evaluating the effects of glutamate antagonists, as well as a nitric oxide synthase inhibitor, specifically
on the development and expression of cocaine-induced conditioned increases in locomotor activity.

4. BLOCKADE OF COCAINE-INDUCED CONDITIONED EFFECTS 
WITH MK-801

Conditioned effects of cocaine were established and evaluated using the paradigm described above
in which PAIRED, UNPAIRED, and CONTROL animals are employed. In the initial study, we used a
1-d conditioning procedure to evaluate the effects of MK-801 on the acquisition of cocaine-condi-
tioned increases in locomotor activity. PAIRED rats were pretreated with either saline or various doses
of MK-801 (0.25–1.0 mg/kg ip) 30 min prior to injections of 40 mg/kg of cocaine ip and then placed in
activity chambers scented with peppermint for 30 min. One hour following return to their home cages,
these rats received two saline injections separated by 30 min. UNPAIRED rats received two saline
injections separated by 30 min prior to placement in the activity chamber and either saline or MK-801
injections 1 h after return to their home cages, followed by a second saline injection 30 min later.
When tested with 10 mg/kg of cocaine on d 2, PAIRED rats pretreated with saline expressed condi-
tioned increases in locomotor activity, whereas those that had been pretreated with all doses of MK-
801 failed to show conditioning (Fig. 1). MK-801 was therefore effective in preventing the acquisition
of cocaine-induced conditioning, confirming previous findings.

Repetitive administration of MK-801 itself has been found to produce conditioned increases in loco-
motor activity (52) as well as behavioral sensitization, although in studies in which it is not possible to
determine if contextual or noncontextual factors were critical (43,44,56–58). It was of interest, therefore,
to evaluate whether more prolonged training, as described above, would still reveal the ability of MK-
801 to prevent cocaine-induced conditioning or whether possible conditioned effects associated with
repetitive MK-801 would confound such actions. Two groups of PAIRED and UNPAIRED rats were
pretreated with either saline or MK-801 (0.25 mg/kg ip) as described above prior to injections of 30
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mg/kg of cocaine for three consecutive days and then tested on d 4 and 11 with saline. Two additional
groups were used to assess the conditioned effects of MK-801 alone. One group received MK-801 in
the context of the test cage for 3 d, whereas the other group was injected with MK-801 in the home
cage. These two groups were also tested with saline in the conditioning chamber on d 4 and 11.

Robust conditioned effects (Fig. 2A,B) were seen in the cocaine PAIRED group pretreated with
saline, as well as the cocaine PAIRED group pretreated with MK-801 on the first test day (d 4). Con-
ditioned increases in locomotor activity were also observed in the group injected with MK-801 alone
in the test cage (Fig. 2C). When tested on d 11, however, only the saline pretreated PAIRED group
still exhibited a conditioned response. The other two PAIRED groups (MK-801 pretreated and MK-
801 alone) failed to differ from UNPAIRED controls. It appears that 3 d of conditioning with MK-
801 were sufficient to produce conditioned increases in locomotor activity that were able to mask its
disruptive effects on the associative processes underlying cocaine-induced conditioned increases in

Fig. 1. Effects of MK-801 on acquisition of cocaine-induced conditioning following 1 d of training. PAIRED
and UNPAIRED rats were pretreated with saline and various doses of MK-801 on d 1. On d 2, all rats were
injected with 10 mg/kg of cocaine and tested for 30 min. *p < 0.05 for comparisons between PAIRED and
UNPAIRED groups with the Scheffe test for post hoc comparisons. All values are means ± SEM.
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Fig. 2. Conditioned effects of MK-801 and effects of MK-801 on cocaine-induced conditioning following 3 d
of training. (A) Horizontal locomotor activity of PAIRED and UNPAIRED rats during 3 d of training; (B) activity
of PAIRED and UNPAIRED rats on d 4 following injections of 10 mg/kg cocaine HCL; (C) Activity of PAIRED
and UNPAIRED rats on d 8 following injections of 10 mg/kg cocaine HCL. *p < 0.05 for comparisons between
PAIRED and UNPAIRED groups. All values are means ± SEM.
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locomotor activity. During the second test day (d 11), the conditioned effects of MK-801 had appar-
ently decayed (Fig. 2B), revealing the initial blockade of cocaine-conditioned effects during the
acquisition phase. The conditioned effects of MK-801 may be a confounding variable in studies
designed to evaluate its ability to alter the conditioned motoric effects of psychomotor stimulants,
especially where the contextual exposure to MK-801 is prolonged.

Kalivas and Alesdatter (45) have reported that MK-801 injections into the ventral tegmental area
and amygdala blocked sensitization to cocaine following one injection. Unfortunately, the design used
does not permit definitive conclusions to be drawn regarding the effects of NMDA blockade on the
contextual (conditioned) or noncontextual components because appropriate control groups were not
included. The purpose of the next series of studies was to evaluate the importance of intact NMDA
receptor function in the nucleus accumbens, VTA, and amygdala in the acquisition of cocaine-induced
conditioned increases in locomotor activity. Rats were implanted with guide cannulae aimed for the
basolateral amygdala, ventral tegmental area, or the nucleus accumbens and were divided into four
groups. One group (VEHICLE-PAIRED) was injected with artificial cerebrospinal fluid (aCSF) intrac-
erebrally (ic) prior to ip cocaine (30 mg/kg), and the other group (MK-801-PAIRED) was injected ic
with 5 nmol of MK-801 immediately prior to ip cocaine (30 mg/kg). Both groups were placed in the
conditioning activity chambers for 30 min following cocaine injections. One hour following return to
the home cage, these rats were injected ic with aCSF followed by ip saline. The UNPAIRED groups
received the same treatments but in opposite contexts. The rats were conditioned for 3 d and then tested
following saline injections on d 4. PAIRED rats pretreated with aCSF in the VTA, amygdala, and
nucleus accumbens showed significant conditioned increases in locomotor activity on d 4 (Figs. 3–5).

MK-801 injections into the VTA during the training phase were found to prevent the acquisition of
cocaine-conditioned increases in locomotor activity (Fig. 5). Similar pretreatment with MK-801 in the
amygdala or nucleus accumbens was without effect (Figs. 3 and 4). Thus, it appears that intact gluta-
mate function is necessary in the VTA, but not in the nucleus accmbens or amygdala, for the develop-
ment of cocaine-induced conditioning. The lack of effect in the amygdala is surprising because this
structure has been demonstrated to be important in the formation of stimulus–reward associations
(39,59–61). It appears that glutamate input to the VTA, perhaps from the frontal cortex, is necessary
for the formation of cocaine-induced conditioning.

Activation of NMDA receptors has been shown to induce nitric oxide (NO) synthesis, which then
activates guanylate cyclase and leads to the formation of cyclic GMP in the brain. There is evidence to
suggest that NO is involved in synaptic plasticity, including LTP, as well as learning and memory. A vari-
ety of studies also have reported that N6-nitro-arginine-methyl ester (L-NAME), a nitric oxide synthase
inhibitor, prevents the induction of behavioral sensitization to psychomotor stimulants (48,62), although
not always (50,63). Although there is evidence to suggest a role for NO in the acquisition of behavioral
sensitization, the designs of the above studies directed at this issue do not allow definitive conclusions to
be made regarding whether NO is predominately involved in noncontextual or contextual components.

In order to assess the role of NO in the formation of cocaine-induced conditioning, PAIRED and
UNPAIRED rats, as described above, were pretreated with either saline or 100 mg/kg of N6-nitro-L-
arginine methyl ester (L-NAME). Twenty-four hours later, the PAIRED animals treated with L-NAME
were again injected with 100 mg/kg L-NAME ip followed 1 h later by 30 mg/kg cocaine ip. The
UNPAIRED rats treated the day before with L-NAME were injected with saline. Both groups were
placed in the locomotor activity chambers for 30 min following injections. One hour following
removal from the activity chambers, the rats in these two groups received, respectively, either two
injections of saline separated by 1 h or injections of L-NAME and then saline separated by 1 h. The
other groups of PAIRED and UNPAIRED rats were treated the same as described above (in the present
study), but in place of L-NAME, they received injections of saline. The four groups were treated as
described above for three consecutive days (d 2–4). On d 5, all animals were injected with saline and
placed in the locomotor activity chambers for 30 min.
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Treatment with L-NAME had no apparent affect on locomotor behavior during the training phase
(Fig. 6A). During the test day (d 5), the PAIRED rats pretreated with L-NAME had total activity output
that was significantly lower than the PAIRED rats retreated with saline. Thus, it appears that NO may
play some role in the associative processes underlying cocaine-induced conditioning.

Although intact NMDA function appears to be critical for the formation of psychomotor stimulant-
induced sensitization and, more specifically, the formation of conditioned drug effects, considerably
less is known regarding the role of excitatory amino acid neurotransmission in the expression of the
conditioned effects once established. The purpose of the next series of studies was to evaluate the
effects of MK-801 and L-NAME on the expression of cocaine-conditioned increases in locomotor
activity once established. PAIRED and UNPAIRED rats were trained for three consecutive days as
described above The conditioning dose of cocaine was 30 mg/kg. On d 4, the PAIRED and

Fig. 3. Effects of MK-801 injections into the n. accumbens on the acquisition of cocaine-induced conditioned
increases in locomotor activity. (A) Locomotor activity of PAIRED and UNPAIRED rats pretreated bilaterally
with either 7.5 nmol of MK-801 or 1 µL vehicle during 3 d of conditioning; (B) locomotor activity of rats on d 4
following injections of saline. *p < 0.05 for comparisons between PAIRED and UNPAIRED rats with the Scheffe
test for post hoc comaparisons. All values are means ± SEM.
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UNPAIRED rats were pretreated with either saline, 0.1 mg/kg, or 0.25 mg/kg of MK-801 and then
injected with 10 mg/kg of cocaine. Following cocaine injections, the animals were placed in the activ-
ity chambers for 30 min. Although pretreatment with MK-801 on the test day enhanced cocaine-
induced locomotor activity in the UNPAIRED and PAIRED RATS, it failed to eliminate the
differential between the two groups following cocaine injection (Fig. 7). Thus, it appears that although
MK-801 is effective in preventing the acquisition of cocaine-induced conditioned effects, it is ineffec-
tive in preventing expression once established.

In the next series of studies, PAIRED and UNPAIRED rats were trained for 3 d as described above.
One hour following home cage injections on d 3, one-foursth of the PAIRED and one-fourth of the
UNPAIRED rats were injected with 100 mg/kg of L-NAME ip. On d 4, the same rats were injected
again with a similar dose of L-NAME 60 min prior to saline injections. The rats were run for 30 min in

Fig. 4. Effects of MK-801 injections into the amygdala on the acquisition of cocaine-induced conditioned
increases in locomotor activity. (A) Locomotor activity of PAIRED and UNPAIRED rats pretreated bilaterally
with either 7.5 nmol of MK-801 or 1 µL vehicle during 3 d of conditioning; (B) locomotor activity of rats on d 4
following injections of saline. *p < 0.05 for comparisons between PAIRED and UNPAIRED rats with the Scheffe
test for post hoc comparisons. All values are means ± SEM.
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the activity chambers immediately following saline injections. One-third of the remaining PAIRED
and UNPAIRED rats were injected with 20 mg/kg of CPP (a competitive NMDA antagonist) ip on d 4,
one-third were injected with 0.25 mg/kg of MK-801, and the remaining one-third received saline
injections. Thirty minutes following these injections, the animals were injected with saline and then
placed in the activity chambers for 30 min. A control group was also included in this study. Rats in this
group received injections of saline in both environments (test cage and home cage) during training and
received two saline injections separated by 30 min on the test day.

Rats pretreated with saline, MK-801, CPP, or NAME all showed a significant conditioned
response on d 4 (Fig. 8), even though MK-801 enhanced activity in both PAIRED and UNPAIRED,
NAME decreased locomotor output in both groups when compared with saline-pretreated animals.
Although the studies above failed to reveal the participation of glutamate in the expression of

Fig. 5. Effects of MK-801 injections into the ventral tegmental area (VTA) on the acquisition of cocaine-
induced conditioned increases in locomotor activity. (A) Locomotor activity of PAIRED and UNPAIRED rats pre-
treated bilaterally with either 7.5 nmol of MK-801 or 1 µ1 vehicle during 3 d of conditioning; (B) locomotor
activity of rats on d 4 following injections of saline. *p < 0.05 for comparisons between PAIRED and UNPAIRED
rats with the Scheffe test for post hoc comparisons. All values are means ± SEM.
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cocaine-conditioned behavior, it is possible that the effects of NMDA blockade on the expression of
cocaine-conditioned activity might be revealed under more subtle procedures (i.e., when condition-
ing is not as pronounced). PAIRED and UNPAIRED rats were treated on d 1 as already described.
On d 2, one-third of the PAIRED and UNPAIRED rats were injected with saline, one-third with 5
mg/kg of CPP, and the other one-third with 20 mg/kg of CPP. Thirty minutes later, all rats were

Fig. 6. Effects of L-NAME pretreatment during training on the acquisition of cocaine-induced conditioning.
(A) Horizontal locomotor activity of PAIRED and UNPAIRED rats pretreated with either saline or NAME during
3 d of conditioning with cocaine; (B) horizontal locomotor activity of PAIRED and UNPAIRED rats on d 4
following injections of 10 mg/kg of cocaine. *p < 0.05 for comparisons between PAIRED and UNPAIRED rats
with the Scheffe test for post-hoc comparisons; **p < 0.05 for comparison between PAIRED saline-pretreated and
PAIRED L-NAME-pretreated rats on the test day. All values are means ± SEM.
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Fig. 7. Effects of MK-801 on the expression of cocaine-induced conditioned increases in locomotor activity.
(A) Locomotor activity of PAIRED and UNPAIRED rats during training that were pretreated with either saline,
0.1 ng/kg or 0.25 ng/kg of MK-801 on d 4 prior to injections of 10 ng/kg of cocaine; (B) mean activity scores on
the test day of saline and MK-801 pretreated rats. *p < 0.05 for comparisons between PAIRED and UNPAIRED
rats with the Scheffe test for post hoc comparisons. All values are means ± SEM.



F
ig

. 8
.

E
ff

ec
ts

 o
f 

C
PP

,M
K

-8
01

 a
nd

 N
A

M
E

 o
n 

th
e 

ex
pr

es
si

on
 o

f 
co

ca
in

e-
in

du
ce

d 
co

nd
iti

on
ed

 i
nc

re
as

es
 i

n 
lo

co
m

ot
or

 a
ct

i v
ity

. (
A

)
E

ff
ec

ts
 o

f 
sa

lin
e

pr
et

re
at

m
en

t d
ur

in
g 

th
e 

te
st

 d
ay

 o
n 

ex
pr

es
si

on
 f

ol
lo

w
in

g 
in

je
ct

io
n 

of
 s

al
in

e;
 (

B
)

ef
fe

ct
s 

of
 C

PP
 p

re
tr

ea
tm

en
t (

20
 m

g/
kg

 ip
) 

du
ri

ng
 th

e 
te

st
 d

ay
 o

n 
e x

pr
es

-
si

on
 f

ol
lo

w
in

g 
in

je
ct

io
ns

 o
f 

sa
lin

e;
 (

C
)

E
ff

ec
ts

 o
f 

M
K

-8
01

 (
0.

25
 n

g/
kg

 ip
) 

pr
et

re
at

m
en

t d
ur

in
g 

th
e 

te
st

 d
ay

 o
n 

e x
pr

es
si

on
; (

D
)

ef
fe

ct
s 

of
 N

A
M

E
 p

re
tr

ea
t-

m
en

t d
ur

in
g 

th
e 

te
st

 d
ay

 o
n 

ex
pr

es
si

on
. *

p
<

 0
.0

5 
fo

r 
co

m
pa

ri
so

ns
 b

et
w

ee
n 

PA
IR

E
D

 a
nd

 U
N

PA
IR

E
D

 r
at

s 
on

 th
e 

te
st

 d
ay

 w
ith

 th
e 

Sc
he

f f
e 

te
st

 f
or

 p
os

t h
oc

co
m

pa
ri

so
ns

. A
ll 

va
lu

es
 a

re
 m

ea
ns

 ±
SE

M
.

96



Glutamate and NO in Cocaine-Induced Locomotor Activity 97

injected with 10 mg/kg of cocaine and then run for 30 min in the activity chambers. Neither dose of
CPP prevented the expression of cocaine-conditioned effects (Fig. 9).

The VTA appears to be the principal brain region involved in the acquisition of cocaine-condi-
tioned increases in locomotor activity as well as context-independent sensitization. The purpose of the
next study was to determine whether direct blockade of NMDA receptor function in the VTA would
prevent the expression of cocaine-conditioned behavior. Rats were implanted with bilateral cannulae
guides aimed for an area 2 mm dorsal to the VTA. Two weeks later, the animals were divided into two
groups (PAIRED and UNPAIRED). Animals in each group were treated for 3 d with 30 mg/kg of
cocaine, as described above. On d 4, one-half of the PAIRED and UNPAIRED rats were injected
bilaterally in the VTA with 5 nmol of MK-801 in 1 µL of aCSF and the other half were injected with
the vehicle. Immediately after the intracerebral injections, all rats were injected intraperitoneally with
saline and then placed in locomotor chambers for 30 min. Although MK-801 injections into the VTA
increased locomotor activity in both the PAIRED and UNPAIRED rats, it failed to eliminate the
expression of the conditioned response (Fig. 10).

Although intact NMDA receptor function does not appear to be critical for the expression of sensi-
tization, whether context dependent or context independent, there is evidence that the AMPA subtype
of glutamate receptors might be involved (25,54). The ability of DNQX, a relatively selective antago-
nist of the AMPA receptor, to alter the expression fo cocaine-conditioned increases in locomotor activ-
ity was evaluated by the injection of 25 nmol of this antagonist icv prior to the test for conditioning 1 d
following three conditioning sessions. DNQX was found to fully prevent the expression of cocaine-
induced conditioned effects, even though it had little effect on locomotor activity by itself (Fig. 11).
These findings are similar to those reported by Cervo and Samanin (54).

5. CONCLUSIONS

Our first series of experiments confirmed findings from previous studies (52,53) which found that
blockade of glutamate function concurrent with psychomotor stimulant administrations in a specific
environmental context prevented the acquisition of conditioning. However, in studies reported here,

Fig. 9. Effects of test-day CPP pretreatment on the expression of cocaine-induced conditioned increases in
locomotor activity following one conditioning session. *p < 0.05 for comparisons between PAIRED and
UNPAIRED rats on the test day with the Scheffe test for post hoc comparisons. All values are means ± SEM.
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such inhibition of conditioning by MK-801 was only seen following one conditioning session, but not
three. Such differences in the ability of MK-801 to prevent cocaine-induced conditioning, depending
on the duration of the treatment regimen, appeared to be related to the development of conditioned
effects to MK-801, which masked its disrupted effects on cocaine-induced conditioning after three
training sessions. Apparently, one conditioning session, sufficient to establish cocaine-conditioned
effects, is not enough to produce conditioning to MK-801. The only effect of MK-801 under this train-
ing regimen is to inhibit cocaine-induced conditioning. MK-801 also inhibits the establishment of
cocaine-conditioned effects when training is extended to 3 d. However, when training is prolonged, the
locomotor stimulating effects of MK-801 also become conditioned to the apparatus cues. Thus, when

Fig. 10. Effects of MK-801 on the expression of cocaine-induced conditioned increases in locomotor activity
following direct injections into the VTA during the test day. (A) Locomotor activity during 3 d of training for
PAIRED and UNPAIRED rats; (B) activity of PAIRED and UNPAIRED rats during the test day following pre-
treatment with bilateral vehicle or MK-801 (7.5 nmol) injections into the VTA. *p < 0.05 for comaprisons between
the PAIRED and UNPAIRED rats on the test day with the Scheffe test for post hoc comparisons. All values are
means ± SEM.
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rats pretreated with MK-801 prior to cocaine are tested 1 d following 3 d of training, they show condi-
tioned MK-801-induced increases in locomotor output, making it appear as though MK-801 was inef-
fective in preventing cocaine-induced conditioning. The conditioned effects of MK-801 decay rapidly
with time, so that when MK-801-pretreated rats are tested 10 d later, the inhibitory effects of this glu-
tamate blocker on the formation of cocaine-induced conditioning are revealed. Indeed, no conditioned
effects of MK-801 were found 11 d following training.

Fig. 11. Effects of DNQX on the expression of cocaine-induced conditioned increases in locomotor activity
following intracerebroventricular injections during the test day. (A) Locomotor activity during 3 d of training for
PAIRED and UNPAIRED rats; (B) activity of PAIRED and UNPAIRED rats during the test day following pre-
treatment with injections of vehicle on 25 nmol of DNQX icv. *p < 0.05 for comparisons between PAIRED and
UNPAIRED rats on the test day with the Scheffe test for post hoc comparisons. All values are means ± SEM.
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As noted above, MK-801 alone has been reported to induce conditioned increases in locomotor
behavior (52), as well as behavioral sensitization (43,44,56–58), although in the latter studies, it is not
possible to determine whether contextual or noncontextual processes were involved. It is, of course,
paradoxical that MK-801 can, at the same time, prevent the establishment of conditioning to psy-
chomotor stimulants (presumably by interfering with glutamatergic processes underlying synaptic
plasticity) and induce conditioned effects by itself. MK-801 produces its unconditioned effects by
blocking glutamate function; yet, such blockade does not seem to prevent conditioning to this agent,
suggesting that nonglutamatergic processes may be involved.

If MK-801 is capable of producing conditioned effects, it would suggest that this glutamate antago-
nist has motivational or affective properties in order for it to act as an unconditioned stimulus. Indeed,
there is evidence from a variety of sources that MK-801 possesses hedonic effects. For example, MK-
801 has been found to facilitate intracranial electrical self-stimulation in the medial forebrain bundle
as well as the medial frontal cortex (64), produce conditioned place preference (65–67), and support
self-administration into both the nucleus accumbens (68) and ventral tegmental area (69). As we have
suggested for cocaine (16), the conditioned increases in motoric output seen with MK-801 may reflect
the energizing function of anticipatory incentive-motivational processes elicited by drug-associated
cues (see below).

NMDA receptor activation as well as the release of nitric oxide (a free-radical gas that functions as
an intracellular messenger in brain) have been postulated to be necessary for the induction of LTP,
which has been suggested to underlie various forms of learning as well as memory. Blockade of NO
synthase activity has, for example, been found to prevent the induction of LTP in hippocampal slices
(70–72) as well as the acquisition and consolidation of inhibitory avoidance learning (73,74) and
working memory (75). As noted previously, NO synthase inhibitions also have been found to prevent
the development of behavioral sensitization to cocaine (48,62,76), although not in all studies
(63,77,78). The reasons for the disparity among these findings are not entirely clear, although it has
been suggested that some of the differences may be the result of differential participation of contextual
(conditioned) sensitization, which may be more susceptible to disruption by NO synthase inhibition
(27,76). The above-referenced studies, however, have used designs that do not allow definitive conclu-
sions to be drawn regarding the involvement of contextual or noncontextual factors. Our current series
of studies do seem to support the notion that NO is involved, at least to some degree, in the develop-
ment of cocaine-induced conditioning.

It is generally thought that the VTA is a region critically involved in the initiation of processes
underlying psychomotor-induced sensitization. As noted previously, one hypothesis has assumed that
sensitization is initiated by increases in somatodendritic DA release in the VTA, which stimulates D1
receptors located on cortical afferents from the MPFC to enhance EAA release, which leads to
changes in DA cell function that initiate behavioral sensitization (12). Wolf (27) has also emphasized
the importance of increased excitatory drive to VTA DA neurons seen following termination of repeti-
tive treatment with psychomotor stimulants, as a critical determinant of sensitization. It has been
demonstrated, for example, that the responsiveness of VTA DA neurons to glutamate is enhanced in
amphetamine and cocaine-treated rats (79). This effect is apparently related to an increase in the
responsiveness of AMPA receptors on VTA DA neurons (32). DA neurons in the VTA also have been
found to show enhanced excitatory responses to stimulation of EAAergic afferents from the frontal
cortex (80). More recently, Ungless et al. (81) have found that a single exposure to cocaine induced
LTP of AMPA receptor-mediated currents at excitatory synapses on DA cells in the VTA. Consistent
with such findings, Kalivas and Alesdatter (45) reported that injections of MK-801 and CPP into the
VTA prevented the induction of behavioral sensitization to one injection of cocaine. Regrettably, the
design used (e.g., habituation to apparatus cues prior to the cocaine injections and the failure to use
UNPAIRED controls) makes it unlikely that cocaine-induced conditioned effects were measured. The
possibility that noncontextual processes were responsible for sensitization in the above-cited study is
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further supported by recent findings demonstrating that excitatory synapses in the VTA are potentiated
following a single exposure to cocaine (81). Although glutamate in the VTA appears to be critical for
the formation of context-independent sensitization, the present studies also reveal clearly that intact
glutamate in this region is also necessary for the formation of cocaine-conditioned effects.

We have previously reported that cocaine-associated cues are able to elicit increases in nucleus
accumbens DA overflow when presented along (22). Thus, such conditioned stimuli appear to acquire
the ability to activate meso-accumbens DA pathways. Activation of meso-accumbens DA neurons in
the VTA is thought to reflect information about the motivationally relevant properties of external stim-
uli (82–84). An important glutamatergic input to the VTA arises from the prefrontal cortex and forms
excitatory synapses on both DA and GABA cells (40). It is possible that information related to
cocaine-associated cues is transmitted to the VTA via such excitatory pathways from the frontal cor-
tex. The concurrent activation of glutamate receptors on VTA DA cells by cocaine-induced release of
glutamate (possibly via D1 DA receptors) and novel conditioned stimuli may form the basis for the
induction of classical conditioning in the present studies. LTP, for example, has been shown to be asso-
ciative in that activation of one set of synapses can facilitate LTP at an independent set of adjacent
active synapses on the same cell if both are activated within a finite temporal interval (36).

Glutamate function in the nucleus accumbens or amygdala does not appear to be critical for the for-
mation of cocaine-induced conditioned behavior, at least with the present design. The inability of MK-
801 injections into the amygdala to alter the acquisition of cocaine-conditioned increases in motor
activity is somewhat surprising considering that this brain region appears to play a significant role in
mediating the effects of stimulus-reward associations on behavior (59,60) and in associating stimuli
with specific incentive properties of reward (61). However, such functions may be related to DA mech-
anisms in this structure and not involve glutamate.

Interestingly, Kalivas and Alesdatter (45) found that MK-801 injections into the amygdala pre-
vented the development of sensitization to cocaine utilizing a 1-d sensitization design. Because it is
unlikely that such sensitization was context dependent, glutamate in the amygdala may be necessary
for the formation of context-independent sensitization. Conversely, if conditioning did play some role
in the sensitization design used by these investigators, our failure to find disruptive effects on condi-
tioning following VTA injections of MK-801 may be the result of the use of a design utilizing pro-
longed training, which may have overcome subtle deficits induced by MK-801.

Although it is generally agreed that glutamate blockade prevents the development of sensitization,
some have reported that the expression of sensitization is not altered by such manipulations (25–27).
Other studies have reported that glutamate antagonists do prevent the expression of cocaine-sensitized
responses following systemic injections of CPP (85) or focal applications of NMDA antagonists into
the striatum and cortex (17,86). The studies reported here clearly indicate that glutamate blockade or
inhibition of NO has little effect on the expression of cocaine-induced conditioned increases in loco-
motor activity. Surprisingly, direct injections of MK-801 into the VTA prior to tests for conditioning
were also ineffective in preventing the expression of conditioned effects, suggesting that NMDA in
this structure (which are important for the formation of cocaine-induced conditioning) do not mediate
the effects of cocaine-associated cues. There are somewhat analogous findings for the induction of
LTP. The induction of LTP is thought to require NMDA receptor-mediated processes, whereas expres-
sion of LTP involves non-NMDA receptors (35). There is substantial evidence to suggest that the ini-
tial increase in sensitivity during LTP involves postsynaptic modifications of AMPA receptor function
and localization. It is of interest, therefore, that cocaine recently has been shown to increase the num-
ber and function of both of the AMPA receptors in the postsynaptic membrance of DA neurons in the
VTA (81). Consistent with such findings, we found that icv DNQX, a relatively selective AMPA recep-
tor antagonist, fully inhibited the expression of cocaine-conditioned increases in locomotor activity. It
seems that cocaine-associated cues activate VTA AMPA receptors probably sensitized during the
acquisition phase by concurrent glutamate stimulation induced by both cocaine and contextual stimuli.
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5.1. Relevance to Drug Addiction
Recent theories in drug addition research have emphasized the importance of incentive-motiva-

tional mechanisms in the addiction process (1,87–90). The concept of incentive-motivation is derived
from the notion that there are objects in the environment to which an organism is attracted. Incentives
are thought to “pull” behavior (91). Although the mechanisms for incentive-motivation are innate, the
processes necessary for incentive-motivation to influence behavior are acquired through learning.
Essentially, organisms need to learn when and how to engage this system. Stimuli that are repeatedly
associated with a primary or innate reinforcer, such as food or drugs, are thought to acquire two prop-
erties through classical conditioning. The first is secondary reinforcement and the second is incentive-
motivation (92). The secondary reinforcing properties of such stimuli when they follow a specific
behavior enable them to facilitate and augment future performance of the behavior (93,94). When such
stimuli appear prior to a particular behavior, the incentive-motivational properties, developed through
classical conditioning, appear to energize and facilitate initiation of the behavior.

Drugs such as cocaine can be thought of as positive incentives similar to food, water, or a sexual
partner. The incentive-motivational properties of cocaine are not established, however, until the phar-
macological effects are experienced. Such properties are then conferred to stimuli associated with the
drug (visual characteristics of the drug, drug-using rituals, paraphernalia, or environment). These drug-
associated cues, when encountered subsequently, are able to activate the anticipatory incentive-motiva-
tional processes that engage motor programs leading to drug-seeking and drug-taking behaviors.

The energizing function of incentive-motivational stimuli has been known for some time. It has
been well established, for example, that stimuli repeatedly associated with positive reinforcers such as
food can increase general motor activity or energize behaviors when presented alone (16,91,95,96).
Bindra and Palfi (95) have suggested that such incentive-motivational activity is characterized by
anticipatory excitement often seen during classical appetitive conditioning and appears to be investiga-
tory and goal directed in nature. Bindra (92) has also proposed that conditioned incentive-motivational
stimuli established by pairing with a positive reinforcer such as food acquire similar appetitive proper-
ties and come to energize the appetitive-motivational system as a whole and produce a positive incen-
tive-motivational state. We have also proposed previously (16) that the conditioned increases in
locomotor activity seen with psychomotor stimulants is not simply a conditioned skeletal response, but
reflects the operation of the energizing or the anticipatory function of incentive-motivation. Indeed,
observation of rats in response to conditioned cues present in the activity chamber seems to indicate
that the increase in locomotor activity does have investigatory and goal-directed properties. Previous
studies (22) have established that cocaine-associated cues increase the activity to the meso-accumbens
system, thereby engaging incentive-motivational processes. The present studies reveal an important
role for glutamate in both the acquisition and expression of cocaine-induced increases in locomotor
activity. It is proposed that information from conditioned stimuli is transmitted to the VTA from the
frontal cortex via glutamatergic pathways to activate the meso-accumbens dopamine system, which is
the neural substrate for incentive motivation.

Because most approaches to therapeutics of cocaine-abuse disorders involve after-the-fact interven-
tions, the current series of studies could suggest the importance of treatment aimed at the manifesta-
tion of the expression phase of cocaine sensitization. As such, manipulation of the AMPA receptor
system might provide a novel target. Studies of the AMPA receptor antagonist topiramate, which is an
anticonvulsant with promising effects in the affective disorders, and other AMPA receptor manipula-
tions appear worthy of further research.
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Interactions of Dopamine, Glutamate, and GABA

Systems in Mediating Amphetamine- and Cocaine-
Induced Stereotypy and Behavioral Sensitization

Ralph Karler, PhD, David K. Thai, PhD, and Larry D. Calder, PhD 

1. INTRODUCTION

The psychomotor stimulants are distinguished by their drug-abuse liability, their motor effects, and
behavioral sensitization. How these effects relate to one another is not clear, but in the past, the studies
of these stimulants have centered on dopamine and on the nucleus accumbens and the striatum, two
areas of the brain that contain dopaminergic terminal fields, which historically have been implicated in
the psychomotor effects of these drugs. The ever more detailed explication of neuroanatomy, specifi-
cally of the basal ganglia, makes it obvious that, first, the characteristic actions of the psychomotor
stimulants must involve transmitters other than dopamine and brain areas other than the accumbens
and the striatum (1–6); second, the effects of the stimulants are mediated by the activation of circuits;
third, the different pharmacological properties of the stimulants, such as a motor effect and sensitiza-
tion, involve, in part, different circuits, even though they undoubtedly share some neuroeffector sys-
tems. Starting with these working hypotheses, we initiated a study some 12 years ago that was
designed to identify specific neuroeffectors and discrete brain areas that mediate a stimulant-induced
motor effect and behavioral sensitization. The data presented below represent our observations on the
general role of dopamine, glutamate, and GABA, as well as their specific functions in the straitum and
in the frontal cortex, in enabling stimulant-induced stereotypy and behavioral sensitization.

From the many previous studies that have addressed the question of the relationship among
dopamine, glutamate, and GABA function in the striatum and the accumbens, it has become clear that
the neuroanatomy of these structures suggests that they interact but not exactly how (7–11); neverthe-
less, a variety of techniques have been used to allege that both glutamatergic and GABAergic drugs
affect the release of dopamine (12). In general, these reports, which include in vivo dialysis studies,
have at least two serious flaws in the interpretation of their data. First, very few studies have attempted
to quantitatively correlate changes in recovered transmitters with changes in behavior, and, with a few
notable exceptions (see, e.g., ref. 13), this includes the in vivo dialysis studies associated with behav-
ioral sensitization. To simply measure recovered transmitters ignores the crucial difference between
statistically significant and biologically significant effects, a point that is underscored by the reports
that the quantitative behavioral responses do not necessarily parallel the recovered dopamine (for a
review, see ref. 14). Such results mandate a consideration of physiological factors other than dopamine
in order to understand stimulant-induced behavioral effects, which leads to the proposition that a stim-
ulant effect involves a circuit of interacting transmitter systems and that a functional change in any one
of them could quantitatively modify the behavioral response to these drugs.
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A second defect in many of the studies of interactions among dopamine, glutamate, and GABA
derives from an experimental design based on the use of agonists to activate a system. Such studies
frequently fail to differentiate between pharmacological effects and physiological function because
agonist drugs can activate both innervated and noninnervated receptors; therefore, their effects may
not reflect the functional character of a system. For example, because there are glutamate receptors on
virtually all brain structures (15), a study of the effects of glutamate agonists, say, on dopamine release
may be no more than a pharmacological exercise, with little or no relevance to the physiological
response system.

The following studies were designed to circumvent these specific limitations by the use of antago-
nist rather than agonist drugs to identify those transmitter systems that are necessary for the stimulant
drugs to produce a quantitatively defined motor effect—stereotypy. In these studies, the role of the
dopamine, glutamate, and GABA systems in stimulant-induced stereotypy and in sensitization in male
CF-1 mice was initially investigated by the systemic administration of selective antagonists prior to the
systemic administration of the stimulants. Under these conditions, if an antagonist quantitatively
altered the motor response or sensitization to the stimulants, it was concluded that the specific receptor
system affected by the antagonist was an integral part of the involved circuits. The data from the sys-
temic drug studies represent the general central nervous system (CNS) effects of the antagonists; sub-
sequently, the antagonists were administered intracranially in the striatum and in the frontal cortex of
mice to ascertain the role of these two specific structures in the observed systemic effects of these
drugs. The data resulting from the studies of the influence of dopamine, glutamate, and GABA antago-
nists yielded some insights into the complexity of the circuits that are responsible for stimulant-
induced stereotypy, as well as for the phenomena that constitute behavioral sensitization.

2. SYSTEMIC EFFECTS OF THE ANTAGONISTS

2.1. Qualitative Data
The qualitative data presented in Table 1 represent a summary of our quantitative data, which have

been presented previously (16–19). In the summarized data, the influence of the antagonists is

Table 1
Qualitative Influence of Systemically Administered Dopamine, Glutamate, and GABA Receptor
Antagonists on Amphetamine-Induced Stereotypy in Normal Mice and on the Induction and
Expression of Sensitization

Sensitization

Antagonist treatment Acute Induction Expression

Dopamine
D1 (SCH-23390) Blocka Blocka Blocka

D2 (sulpiride) Blocka Blocka Blocka

Ionotropic glutamate
NMDA (CPP) Blocka Blocka Blocka

Non-NMDA (DNQX) No effecta Blocka Blockb

Metabotropic glutamate
MCPG No effect No effect No effect

GABA
GABAA (bicuculline) Blocka Blocka Blocka

GABAB (2-hydroxysaclofen) No effect No effect No effect

a True also for cocaine.
b Not true for cocaine.



Dopamine, Glutamate, GABA, and Sensitization 109

described in terms of three effects on the responses to amphetamine and cocaine: The “acute” effect
refers to the influence of an antagonist on the motor response to the stimulants in nonsensitized ani-
mals; “induction” refers to the influence of the antagonists on the ability of the stimulants to produce
sensitization; and “expression” represents the effect of the antagonist on the response to the stimulants
in previously sensitized animals. These data are based on the use of minimally effective stimulant and
antagonist doses in order to maximize the selectivity of the drug effects. To illustrate, the influence of
an antagonist on the acute response represents an effect of an antagonist on a stimulant dose that pro-
duced about 80% stereotypy in naive animals. The stimulant doses that produced a defined degree of
stereotypy were obtained from the dose-response curves shown in Fig. 1. The antagonist doses were
also similarly selected from dose-response curves, and an antagonist was considered to block a stimu-
lant effect if it reduced the expected effect from 80% to at least 20% in a dose-dependent manner. Such
decreases represent statistically significant effects in relatively small groups of animals; for example,
in order to determine if an antagonist can block the acute response and the induction of sensitization,
mice were given a single dose of either 12 mg/kg of amphetamine or 100 mg/kg of cocaine because
these doses produce stereotypy in about 80% of the naive animals and induce sensitization in about
80% of these animals (Fig. 1). The effect of the antagonist treatment on induction was measured in the
same groups of animals challenged 24 h later with either 6 mg/kg of amphetamine or 60mg/kg of
cocaine, doses which produce stereotypy in 80% of sensitized animals (Fig. 1). To test a drug effect on
expression, animals were sensitized by pretreatment with either 12 mg/kg of amphetamine or 100
mg/kg of cocaine; 24 h later, the mice were given either 6 mg/kg of amphetamine or 60 mg/kg of
cocaine in order to evoke a sensitized response. The effect of the prior administration of antagonist
drugs on this response was then determined. The experimental design, which included the study of the
influence of the antagonists on the three effects of the stimulants, is based on the assumption that these
effects do not necessarily involve identical circuits; therefore, the effect of the antagonists may vary
among the different conditions. In the data presented, “no effect” of a drug refers to results obtained
against both relatively high and low doses of the stimulants; that is, the “no-effect” drugs neither
blocked nor enhanced the responses.

The antagonist data listed in Table 1 illustrate that all three of the measured effects induced by the
stimulants involve not only the dopaminergic system but also the glutamatergic and GABAergic

Fig. 1. Amphetamine and cocaine dose-response curves for stereotypy in nonsensitized (acute) and in sensi-
tized (expression) animals and for the induction of sensitization.
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systems. Although stereotypy and sensitization can be produced by D2 but not D1 agonists, the data
demonstrate that either a D1 or the D2 antagonist can block the effects of amphetamine, as has been
reported earlier (20); therefore, the systemic data suggest that the D1 system functions in a “permis-
sive” manner to enable D2 effects to manifest themselves. In general, such D1/D2 interactions have
been described in a wide variety of experimental paradigms (21), including sensitization to ampheta-
mine (22,23). Data not shown illustrate that the addition of D1 agonist does not enhance either stereo-
typy or sensitization caused by amphetamine, which implies that, physiologically, the D1 system is not
limiting the D2 effects; it appears that tonic dopamine release provides the necessary D1 activity to
enable the activation of the D2 system to express itself maximally (21).

Table 1 delineates the involvement of the ionotropic and metabotropic glutamate systems in the stimu-
lant effects. In general, the subject of the role of the glutamate system in sensitization has been exten-
sively reviewed by Wolf (24), and most of our data are similar to what others have reported. The data in
Table 1 indicate that the N-methyl-D-aspartate (NMDA) system is involved in all of the effects of the
stimulants. That the involvement is not simple was presaged in our initial report that NMDA antagonism
affected only induction by amphetamine, not the acute response or the expression of sensitization (16).
Later, we used CPP to determine that both the acute response and expression were also blocked by
NMDA antagonists (17,19); but to block these effects required much higher doses of the antagonist (see
Fig. 4). The original negative data were obtained with the use of dizocilpine (MK-801), relatively high
doses of which were deemed unsuitable because of its PCP-like behavioral activity. CPP, on the other
hand, is a more selective NMDA antagonist, and relatively high doses of this drug can be used. The dose
differential for this drug to block the two amphetamine effects intimates that the mechanism of the induc-
tion of sensitization is not tightly coupled to the acute response; yet, a tight coupling is suggested by the
dose-response data shown in Fig. 1. The DNQX data in Table 1, however, corroborate the involvement of
different circuits for the acute response and induction, because this class of drugs does not affect the
acute response, but does block induction, thereby providing a qualitative separation of the two effects.
Furthermore, the data in Table 1 indicate that the D1 antagonist SCH-23390 can block all of the effects;
but a dose-response analysis of these effects indicate that the median effective dose (ED50) to block
induction is about 40 times that required to block the acute response or expression (Fig. 3). We have
made several other observations that uphold the idea that the two dopaminergic effects—the acute
response and induction—represent independent phenomena, because a variety of drugs with ostensibly
different mechanisms of action can block induction without affecting the acute response (16,25,26). Fur-
thermore, we have determined that some drugs, such as the muscarinic antagonists, can enhance the acute
response to the stimulants without enhancing induction (Karler, unpublished); in addition, we have found
that drugs, such as the opioids, when combined with stimulant doses that are alone too low to produce
either stereotypy or sensitization, can, nevertheless, cause induction (Karler, unpublished). The totality of
the results of these drug studies gives us reason to conclude that the acute response and the induction of
sensitization must employ different circuits, despite some common neurotransmitter components.

From the results shown in Table 1, the metabotropic glutamate system does not appear to be
required to mediate any of the effects of amphetamine, although there are some data to suggest that
this system may be involved (24). The negative data presented, however, are based on the use of lim-
ited doses (the highest dose of MCPG used was 25 mg/kg ip), on the use of stereotypy as an end point,
and on the use of the mouse. Obviously, these variables are important to consider in defining the role
of any given transmitter system in these effects.

The use of GABA antagonists indicated that bicuculline, a GABAA antagonist, administered sys-
temically in subconvulsant doses can block all three effects of amphetamine (18). In contrast to the
effects of bicuculline, the GABAB antagonist 2-hydroxysaclofen, at least in doses as high as 50 mg/kg
ip, was ineffective against any of the amphetamine effects. Although the motor activity of ampheta-
mine and dopamine has been linked to GABA function by others (9,10,27–29), these data demonstrate
that the GABA system is also essential to both the induction and expression of sensitization.
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The qualitative systemic data presented in Table 1 show that all three of the measured effects of
amphetamine require functional D1 and D2 systems, the NMDA glutamate system, and the GABAA

system. The non-NMDA component of the ionotropic glutamate system does not appear to be a factor
in the acute response but is necessary for the manifestation of both the induction and expression of
sensitization. These data show not only that the three effects of amphetamine investigated require the
activation of NMDA and GABAA systems but that sensitization also involves the introduction of a new
participant, the non-NMDA system, in response to amphetamine. Subsequent to these findings, other
differences among the systems that constitute the acute effect and sensitization have been noted. A
variety of drugs, including calcium-channel blockers, protein-synthesis inhibitors, and nicotinic antag-
onists, block the induction and expression of sensitization, but these drugs are all ineffective in non-
sensitized animals (25,26,30). These data imply that sensitization is not simply an enhanced response
derived from an increase in released dopamine, as has been alleged by some investigators based on
their results of in vivo dialysis data. The conclusion that sensitization involves the recruitment of new
pathways is unavoidable.

The positive findings in Table 1 for amphetamine are also true for cocaine with only one excep-
tion—the role of the non-NMDA system in the expression of sensitization. DNQX, which blocks both
the induction and expression of amphetamine sensitization, also blocked cocaine induction but failed
to block the expression of cocaine sensitization. These results not only illustrate a difference between
amphetamine and cocaine, but they also suggest that expression involves different circuits for amphet-
amine and cocaine. Other differences between amphetamine and cocaine have been reported; for
example, nicotinic antagonists can block both the induction and expression of amphetamine sensitiza-
tion, but these drugs are ineffective against the comparable effects of cocaine (26). Sensitization then
is not a single phenomenon, rather it is a general description of a change in drug responsivity, which
encompasses a variety of neuroadaptations, a conclusion that is buttressed by earlier observations that
exposure to either serotonin or direct-acting dopamine agonists produces a form of sensitization of rel-
atively limited persistence compared to that produced by the psychomotor stimulants (31–33).

2.2 Quantitative Data
Figure 1 illustrates the amphetamine and cocaine dose-response relationships for the acute (non-

sensitized) response, for the induction of sensitization, and for the expression of sensitization. The “%
stereotypy” on the ordinate represents the percentage of mice in a group of 10 that exhibited stereo-
typy. The dose-response curves for the induction of sensitization were obtained with the same animals
that were used to establish the acute effect; these animals were challenged 24 h later with a 6 mg/kg
dose of amphetamine or a 60 mg/kg dose of cocaine in order to discover if the acute treatment caused
sensitization. To determine the curves for expression, separate groups of animals were given a single
dose of either 12 mg/kg of amphetamine or 100 mg/kg of cocaine in order to sensitize them, and the
dose-response curves shown for expression were obtained 24 h later. The ED50 for the acute response
to amphetamine was 8.7 (7.5–10) mg/kg; and for the sensitized animals, 4.9 (4.3–5.5) mg/kg; the cor-
responding values for cocaine were 80 (69–93) mg/kg and 44 (36–54) mg/kg. These values for the
acute and sensitized responses are significantly different and show that sensitization can develop fol-
lowing a single exposure to amphetamine or cocaine, as has been described earlier (19,33,34). The
characteristics of the single-dose sensitization were found to be indistinguishable from the conven-
tional repeated daily low-dose treatment procedure (33). That a single dose of the stimulants can pro-
duce sensitization is evident from the induction curves compared with the acute dose-response curves,
and the data clearly indicate that the induction of sensitization is a dose-related effect and that a single
dose of 12 mg/kg of amphetamine or 100 mg/kg of cocaine is sufficient to cause sensitization in the
majority of the animals. A single dose of 12 mg/kg of amphetamine apparently induces a maximal
degree of sensitization, as implied by the results of attempts to enhance the degree of sensitization by
repeated daily exposure to 12 mg/kg of amphetamine. Comparative dose-response data for ampheta-
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mine following one pretreatment and two or three pretreatments were essentially identical, which
indicates that a single 12-mg/kg treatment yielded maximal sensitization (Karler, unpublished).
Although repeated exposure to a sensitizing dose has no effect on the degree of sensitization, the
influence of repeated sensitized responses on other functions has never been evaluated. It should be
noted, however, that the single-dose sensitization method avoids a potential problem with the com-
monly used repeated daily low-dose sensitization procedure; that is, because of individual variability
in drug response, some animals are sensitized very early in the daily treatment regimen; yet, because
those animals usually continue to receive daily treatment, they are subjected to many episodes of sen-
sitized responses (30,31). The impact of repeated sensitized responses on function is generally not
evaluated; nevertheless, such a condition imposes a potentially uncontrolled variable on subsequent
functional tests.

Figure 2 represents the dose-response data for the use of sulpiride, the D2 antagonist, in order to
block the acute response (ED50 = 31 [22–43] mg/kg), as well as the induction (ED50 = 26 [17–38]
mg/kg) and expression of sensitization (ED50 = 24 [15–36] mg/kg). None of these values for
sulpiride are significantly different, which indicates that the D2 activity involved in the three effects
of amphetamine is the same. These results contrast with those obtained with the D1 antagonist SCH-
23390 shown in Fig. 3. The ED50 for this drug to block the acute response is 0.055 (0.032–0.072)
mg/kg and to block expression 0.046 (0.036–0.061) mg/kg. These two values are not significantly
different, suggesting that the D1 activity evoked for comparable effects in the acute response and in
the expression of sensitization is identical. This conclusion, however, does not obtain for the induc-
tion of sensitization, for the ED50 is 2.2 (1.1–4.4) mg/kg, which is almost two orders of magnitude
greater and is significantly different from the other two ED50 values. These results tell us that the
dopaminergic system involved in induction is different from that which accounts for both the acute
response and for the expression of sensitization. The relatively high dose of SCH-23390 needed to
block induction raises the possibility that the induction of sensitization involves the D5 rather than
the D1 system. Although SCH-23390 exhibits equal binding affinity for D1 and D5 receptors,
dopamine has been reported to have a 10-fold greater affinity for D5 than D1 receptors (35); this

Fig. 2. Dose-response curves for systemically administered sulpiride antagonism of amphetamine-induced
stereotypy in nonsensitized (acute) and sensitized (expression) mice and of amphetamine-induced sensitization.
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greater affinity may account for the SCH-23390 dose differential required to block induction. Even
though the relationship between sensitization and the subjective effects of the stimulants is not clear,
it is worth noting that the D5 receptor has recently been specifically implicated in drug-discrimina-
tion studies of cocaine (36).

Figure 4 represents the dose-response curves for the NMDA antagonist CPP against the three
effects of amphetamine. Here, we found that the ED50 to antagonize the acute effect was 3.0 (2.1–4.4)
mg/kg, and the ED50 to block expression was 2.5 (1.3–4.8) mg/kg; these values are not significantly
different. The ED50 to block induction, however, was 0.82 (0.4–1.6) mg/kg, which is significantly dif-
ferent from the other two ED50s. These data imply a distinction between the NMDA pathway involved
in the induction of sensitization and the pathway that mediates both the acute response and the expres-
sion of sensitization. That a different dopamine pathway for induction exists is consistent with the
findings (above) for the quantitative character of blockade of induction by the D1 antagonist SCH-
23390. These observations on the differential effects of the antagonists, coupled with those described
above on the ability of morphine to promote stimulant-induced induction even in the absence of stereo-
typy and on the enhancement of stereotypy by the muscarinic antagonists without affecting induction,
further bolster the conclusion that the dopaminergic pathways that subserve stereotypy differ from
those that support the induction of sensitization.

As indicated in Table 1, DNQX, the non-NMDA ionotropic glutamate antagonist, can block both the
induction and the expression of sensitization, but it cannot affect the acute response to amphetamine.
Although the data are not shown, the dose of DNQX required to block the two sensitization effects
appears to be about equal, indicating that the two effects may involve a common pathway. The dose-
response curve for the DNQX antagonism of expression is illustrated in Fig. 5, and these results sug-
gest that the response to amphetamine in sensitized animals consists of two pharmacologically
separable responses. The results shown indicate that DNQX cannot completely block the effect in sen-
sitized animals, which contrasts with the dopamine antagonists, with CPP, the NMDA antagonist, and
with bicuculline, the GABAA antagonist. All of these antagonists can completely block the stereotypic
effect in both nonsensitized and sensitized animals, but the antagonist effect of DNQX appears to be

Fig. 3. Dose-response curves for systemically administered SCH-23390 antagonism of amphetamine-induced
stereotypy in nonsensitized (acute) and sensitized (expression) mice and of amphetamine-induced sensitization.



114 Karler, Thai, and Calder

limited to that fraction of the amphetamine response contributed by sensitization. In these experiments,
the sensitized response was elicited with a challenge dose of 6 mg/kg of amphetamine, which in non-
sensitized animals yields a response of only 20% stereotypy, but 80% in sensitized animals; as can be
seen in Fig. 5, DNQX reduces the sensitized response to the 20% control value. The results of the
DNQX study illustrate that the sensitized response appears to consist of two separable components:
one that represents the nonsensitized circuit; the other represents the sensitized circuit. Although the
evoked behavior is indistinguishable in these two conditions, DNQX serves to functionally separate the

Fig. 4. Dose-response curves for systemically administered CPP antagonism of amphetamine-induced stereo-
typy in nonsensitized (acute) and sensitized (expression) animals and of amphetamine-induced sensitization.

Fig. 5. Dose-response curve for systemically administered DNQX antagonism of amphetamine-induced
stereotypy in sensitized mice. (Reprinted with permission, from Elsevier Science, Amsterdam.)
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two responses, because the drug is ineffective against the nonsensitized response and only partially
effective in sensitized animals. This differential effect of DNQX is not unique because identical results
have been obtained with the use of calcium-channel blockers (30), nicotinic antagonists (26), and pro-
tein-synthesis inhibitors (25). Furthermore, in data not shown, combinations of these partial antagonists
with DNQX also exhibited the same limited efficacy. These results add additional support to the inter-
pretation that the response to amphetamine in sensitized animals consists of two distinct components—
one derived from the normal pathway, the other from a pathway associated with sensitization.

The dose-response curves for bicuculline, the GABAA antagonist, are shown in Fig. 6: The ED50 for
the antagonism of the acute amphetamine response is 0.83 (0.67–1.02) mg/kg; for induction, 0.84
(0.68–1.03); and for expression, 0.75 (0.61–0.92) mg/kg; none of these values are significantly differ-
ent, so all three effects involve the activation of a common GABAA pathway. Although we previously
reported limited quantitative data on the GABAA involvement in the motor effects of the stimulants,
the present detailed data add further to our understanding of the fundamental role of the GABAA sys-
tem in the circuits that produce the three effects of the stimulants.

3. INTRASTRIATAL DRUG EFFECTS

3.1. Antagonists
The data in Table 2 summarize the qualitative effects of the intrastriatal administration of

dopamine, glutamate, and GABAA antagonists on amphetamine-induced stereotypy in nonsensitized
animals, as well as on the induction and expression of sensitization; the quantitative details of these
studies have been published previously (17,18). The purpose of these experiments was to determine
the role of the striatum in mediating the systemic effects of the drugs found in Table 1 and in Figs. 1–6.
Both D1 and D2 antagonists systemically block all three effects (Table 1), which is also true when these
antagonists are administered intrastriatally. The systemic dose differential required for SCH-23390 to
block the acute response and expression compared to that required to block induction (Fig. 3) was not
evident in the striatum, which implies that some other locus accounts for the differential effect on

Fig. 6. Dose-response curves for systemically administered bicuculline antagonism of amphetamine-induced
stereotypy in nonsensitized (acute) and sensitized (expression) mice and of amphetamine-induced sensitization.
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induction observed systemically. The results obtained with the NMDA antagonist CPP and with bicu-
culline, the GABAA antagonist, mirrored those obtained systemically. The relatively low systemic
dose of CPP required to block induction was also found to be true in the striatum, as shown in Fig. 7.
In these experiments, CPP was injected into the striatum bilaterally; its ED50 to block the acute
response was 0.0076 (0.006–0.0096) µg/side, and to block expression, 0.0055 (0.0044–0.0069)
µg/side; these two values are not significantly different. The ED50 to block induction, 0.0005
(0.0004–0.0006) µg/side, however, is about one order of magnitude lower and is significantly different
from the other two values. This dose-response differential for CPP to block induction in the striatum
reflects the systemic effects seen in Fig. 4 and indicates that the NMDA path involved in the induction
is distinct from the path involved in the other two responses; yet, the striatum is a locus for mediating
all of the effects. The results with the non-NMDA antagonist CNQX also validate the existence of
distinct circuits to support the induction and expression of sensitization; this drug administered

Table 2
Influence of Intrastriatally Administered Dopamine, Glutamate, and GABA Receptor Antagonists
on Amphetamine-Induced Stereotypy and on Sensitization

Sensitization

Antagonist treatment Acute Induction Expression

Dopamine
D1 (SCH-23390) Block Block Block
D2 (sulpiride) Block Block Block

Ionotropic glutamate
NMDA (CPP) Block Block Block
Non-NMDA (CNQX) No effect Block No effect

GABAA (bicuculline) Block Block Block

Fig. 7. Dose-response curves for intrastriatally administered CPP antagonism of amphetamine-induced
stereotypy in nonsensitized (acute) and sensitized (expression) mice and of amphetamine-induced sensitization.
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systemically blocked induction and expression, but, intrastriatally, it blocked only induction and not
expression, which implies that induction and expression represent distinct circuits and that the non-
NMDA participation in the circuit that controls expression involves a brain locus other than the site
tested in the striatum. Subsequent studies have indicated that a locus for the non-NMDA component of
expression exists in the globus pallidus (Karler, unpublished).

3.2. Agonist–Antagonist Interactions
The data in Table 3 summarize the stereotypic effects of the intrastriatal administration of

dopamine, glutamate, and GABAA agonists and the influence of their antagonists, also administered
intrastriatally, on the observed agonist effects. The details of these studies have been published previ-
ously (18). The agonist data indicate that both NMDA and the GABAA agonist THIP, as well as
dopamine and amphetamine, produce stereotypy when injected into the striatum. Of these drugs, only
amphetamine causes stereotypy when administered systemically. Although the various agonists
administered intrastriatally produced stereotypy, neither single nor repeated intrastriatal administration
resulted in sensitization. The failure of intrastriatally administered amphetamine to produce sensitiza-
tion has been reported by other investigators (37). Although several laboratories have claimed that
amphetamine injected intrastriatally in sensitized rats can elicit a sensitized response (see, e.g., ref.38),
we have been unable to repeat this observation in mice.

Because the three types of agonists caused stereotypy, the corresponding antagonists were used in
combination with the agonists intrastriatally in order to determine the sequence of the agonist effects
in the striatum. All three classes of antagonists block the dopamine- or amphetamine-induced stereo-
typy, which suggests that the dopaminergic stimulus in the striatum represents the initial event in the
resulting motor response. With NDMA as the agonist, sulpiride was ineffective, but the stereotypy
was blocked by CPP and by bicuculline; on the other hand, THIP-induced stereotypy was blocked

Table 3
Interaction of Dopamine, Glutamate, and
GABA Agonists and Antagonists Administered
Intrastriatally on Agonist-Induced Stereotypy

Agonists Stereotypy

Amphetamine Yes
Dopamine Yes
NMDA Yes
GABAA (THIP) Yes
Agonist + antagonist

Amphetamine or dopamine
+ Sulpiride Block
+ CPP Block
+ Bicuculline Block

NMDA
+ Sulpiride Yes
+ CPP Block
+ Bicuculline Block

GABAA (THIP)
+ Sulpiride Yes
+ CPP Yes
+ Bicuculline Block

Note: Agonists: NMDA (glutamate), THIP (GABAA);
antagonists: sulpiride (D2), CPP (NMDA), bicuculline
(GABAA).
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only by bicuculline. These results imply the following sequence of events in the striatum: Stereotypy
is initiated by a dopaminergic stimulus, which, in turn, activates the NMDA system, which stimu-
lates the GABAA system. That dopamine appears to activate the glutamate system is contrary to the
reports that have suggested that the cortical glutamatergic input controls the release of striatal
dopamine (39). Neuroanatomically, these two transmitter systems are known to synapse on common
dendrites (10), so that an interaction between the two neurotransmitters is possible; however, the
results of the striatal studies described here mean that amphetamine releases dopamine, which, in
turn, releases glutamate to produce stereotypy, and not vice versa. The proposal that glutamate in the
striatum controls the release of dopamine has been based on the results obtained with electrical stim-
ulation of the cortex; these studies measured only transmitter release without any behavioral corre-
lates. In contrast, the present study focuses on the behavioral effects of amphetamine or dopamine;
therefore, in terms of stereotypy, dopamine in the striatum appears to release glutamate, which, in
turn, releases GABA.

Because the major efferents from the striatum are GABAergic, the findings that, intrastriatally, a
GABAA agonist can produce stereotypy and a GABAA antagonist can block evoked stereotypy suggest
that an evoked striatal stimulus serves to release GABA within the striatum, which, in turn, inhibits the
inhibitory outflow; therefore, the excitatory motor effect produced by the stimulants appears to be the
result of the inhibition of the inhibitory outflow from the striatum (18).

4. INTRACORTICAL DRUG EFFECTS

4.1. Antagonists
Table 4 summarizes our previously published data on the effects of the intracortical (ic) administration

of dopamine, glutamate, and GABA receptor antagonists on amphetamine-induced stereotypy in normal
and sensitized animals, as well as on the induction of sensitization (40). The D1 antagonist in the cortex
blocked all three of the effects, which were also blocked following systemic or intrastriatal administration,
although the dose differential found systemically to block induction compared to the other two effects
(Fig. 3) was not apparent either in the cortex or, as described above, in the striatum. These results indicate
that yet another site must account for the systemic effect of this drug on induction. In contrast to the D1

antagonist effects, the results with the D2 antagonist administered intracortically differed qualita-
tively from those obtained systemically or intrastriatally. D2 antagonists (sulpiride or eticlopride)
administered by either of the latter two routes block all three of the effects, but, intracortically, they

Table 4
Influence of Intracortically Administered Dopamine, Glutamate, and GABA Receptor
Antagonists on Amphetamine-Induced Stereotypy in Normal Mice and on the Induction 
and Expression of Sensitization

Sensitization

Antagonist treatment (i.c.) Acute Induction Expression

Dopamine
D1 (SCH-23390) Block Block Block
D2 (sulpiride) Enhance Block No effect

Glutamate
NMDA (CPP) Block Block Block
Non-NMDA (CNQX) No effect No effect No effect

GABA
GABAA (bicuculline) Enhance No effect No effect
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block only induction; in striking contrast, they actually enhance the acute effect and were ineffective
in terms of expression. Here, we see a clear separation between the functional roles of the D1 and D2

systems, which was not the case with either the systemic or intrastriatal administration. The function
of the D1 in the cortex mirrors that observed with both the systemic and intrastriatal administration of
an antagonist; that is, a functional D1 system in the cortex is necessary for all three effects of amphet-
amine to manifest themselves. In contrast, activation of the D2 system in the cortex appears to inhibit
or modulate the motor effect of amphetamine; this is clearly an opposite effect of that subserved by
the D1 system. On the other hand, activation of both the D1 and D2 systems are necessary for the
induction of sensitization; therefore, only some of the functions of the D2 system in the cortex are dis-
tinct from those of the D1 system.

The NMDA antagonist, which blocks all of the effects systemically and intrastriatally, also
blocked all of the effects intracortically. In contrast, the non-NMDA antagonist was completely inef-
fective in the cortex, indicating that the effects on induction and expression seen after systemic
administration must be mediated by a different locus (see Table 2). The GABAA antagonist, which
systemically and intrastriatally blocks all the effects, intracortically, however, enhanced the acute
response; yet, this enhanced acute effect was not associated with any concomitant enhancement of
induction, which clearly shows a separation between these two phenomena. Furthermore, bicuculline
was also ineffective in the test for expression, indicating that the acute effect is lost in sensitized ani-
mals. The data shown in Table 4 emphasize that the transmitter systems investigated can subserve
different functions in different brain areas and that sensitization is associated with qualitative
changes in some of their functions.

4.2. Agonists
The data in Table 5 qualitatively summarize the influence of dopamine and GABA agonists admin-

istered intracortically on the systemic effects of amphetamine. The details of these experiments have
been published previously (40,41). In these studies, the various agonists were injected intracortically
followed by 12 mg/kg of amphetamine ip. The dopamine agonists (amphetamine, dopamine, or the D2

agonist PPHT) were given intracortically; each blocked the acute response, as well as the induction of
sensitization to amphetamine, and their inhibitory activity on stereotypy disappeared on expression in
sensitized animals. The inhibitory activity of the agonists and the disappearance of this activity in sen-
sitized animals is consistent with the data shown in Table 4, in which a D2 antagonist enhanced the
acute effect of amphetamine and the enhanced effect disappeared in sensitized animals. Sensitization
to cocaine was also associated with a loss of the corticodopaminergic inhibitory function (41). The
cause–effect relationship between the loss of cortical inhibition and the manifestation of sensitization
is further strengthened by the persistence of the phenomenon in sensitized animals (41). Furthermore,

Table 5
Influence of Dopamine and GABA Agonists Administered Intracortically on the Acute Response 
to Amphetamine and on Sensitization

Sensitization

Agonists (i.c.) Acute Induction Expression

Amphetamine Block Block No effect
Dopamine Block Block No effect
D2 (PPHT) Block Block No effect
GABAA (THIP) Block Block Block

Note: Acute effect represents the response in nonsensitized animals to amphetamine, 12 mg/kg ip; expression repre-
sents the response in sensitized animals to amphetamine, 6 mg/kg ip.
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the sensitization induced by a D2 agonist, such as PPHT, is also associated with a loss of the cortical
dopamine inhibition, and the lack of persistence of this sensitization correlates with the recovery of
this inhibitory activity of dopamine in the cortex (33). The results of the D2 antagonist and agonist
studies described above in normal and in sensitized animals provide a possible explanation of the
mechanism of sensitization; that is, the sensitized response is the result of the loss of the normal
dopaminergically mediated cortical inhibition of a dopaminergically initiated motor stimulus (40).
That a fundamental change in function associated with sensitization occurs in the cortex is consistent
with the observations that protein-synthesis inhibitors systemically administered block induction (25),
and this effect occurs in the frontal cortex but not in either the striatum or the substantia nigra (Karler,
unpublished). The results of the studies in the frontal cortex of dopaminergic activity and those of the
protein-synthesis inhibitors combine to focus on this structure as a primary site of the fundamental
changes in function that result in the phenomenon of sensitization to the stimulants.

The agonist data shown in Table 5 demonstrate that activation of the GABAA system in the frontal
cortex as well as the D2 dopamine system can also antagonize amphetamine-induced effects. In these
experiments, the intracortical administration of the GABAA agonist THIP blocks all of the measured
systemic effects of amphetamine; however, bicuculline, the GABAA antagonist, in contrast only
enhanced the acute response and was without effect on either the induction or expression of sensitiza-
tion (Table 4). That bicuculline enhanced the acute response and that the agonist blocked the response
suggest that the GABAA system, as well as the D2 system in the cortex, serves an inhibitory function in
the stimulant-activated circuit that generates stereotypy (40,41).

Not included in the data in Table 5 are the effects of the intracortical administration of NMDA and
the D1 agonist SKF-38393. In a wide dosage range (0.5–5.0 µg/kg), NMDA exerted no effect on any
of the responses to amphetamine, despite the findings in Table 4 that CPP, the NMDA antagonist,
intracortically blocks all of the effects of amphetamine. Low doses of NMDA were clearly depressant,
whereas relatively high doses were excitatory in terms of locomotor activity. The wide range of effects
of NMDA may reflect the almost universal distribution of NMDA receptors on neurons, which may
account for the failure of NMDA to produce stereotypy, as was expected from the CPP block of the
effects of amphetamine. The D1 agonist in doses as high as 1 µg/side did not enhance any of the effects
of amphetamine, despite the observations in Table 4 that the antagonist intracortically. blocks all of the
effects. The lack of activity of the agonist suggests that D1 activation by amphetamine is not a limiting
factor in the responses.

4.3. Agonist–Antagonist Interactions
The data shown in Table 6 represent the results of an examination of the relationship between the

inhibitory effects of intracortical dopamine and those of THIP, which were described in Table 5. The
results show that either sulpiride or bicuculline can antagonize the dopamine blockade of ampheta-
mine-induced stereotypy, but only bicuculline can block the inhibitory effects of THIP (40,41). These
results imply that the inhibitory effect of dopamine is transmitted by the activation of GABAergic neu-
rons, which appears to mediate the inhibitory role of these two systems in the frontal cortex. Also
shown in Table 6 is the absence of dopamine inhibition in sensitized animals, but this is not the case
for the inhibitory activity of THIP. These findings indicate that in the sensitized animals only the
dopamine-induced inhibition disappears, whereas the inhibitory activity of THIP persists, which
demonstrates that the loss of cortical inhibition in sensitized animals is the result of a change in the
functional role of dopamine and not that of GABA. The role of the GABA system in mediating the
cortical inhibition of dopamine is also supported by the data shown in Table 4. Here, we found that
bicuculline intracortically enhanced amphetamine-induced stereotype and that this property disappears
in sensitized animals. This particular loss of activity appears to be the result of the loss of dopaminer-
gic activation of the GABA system, which can account for the failure of bicuculline to enhance the
amphetamine effect in sensitized animals.
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The above-described observations demonstrated that bicuculline injected into the frontal cortex
enhanced the response to amphetamine administered systemically. The data in Table 7, however, add
an additional facet to the role of the GABA system vis-à-vis stereotypy. As shown in Table 7, bicu-
culline injected into the frontal cortex in relatively high doses produces stereotypy even in the absence
of amphetamine. The bicuculline-induced stereotypy either in the presence or the absence of ampheta-
mine does not produce sensitization, providing further evidence of the distinction between the systems
that generate the acute response and those that are required for the induction of sensitization. The data
shown in Table 7 also indicate that the bicuculline-induced stereotypy is not blocked by sulpiride, sug-
gesting that the stereotypy does not involve dopamine but is blocked by the NMDA antagonist CPP
administered either systemically or into the frontal cortex. These results suggest that stereotypy pro-
duced by the stimulants is the result of diminishing the physiological GABA inhibitory control over a

Table 6
Interaction of Dopamine and GABA Agonists and Antagonists
Administered Intracortically on Amphetamine-Induced Stereotypy
Normal and in Sensitized Mice

Amphetamine treatment

Pretreatment (i.c.) Normal response Sensitized response

Dopamine
+ Saline Block No effect
+ Sulpiride No effect —
+ Bicuculline No effect —

THIP
+ Saline Block Block
+ Sulpiride Block —
+ Bicuculline No effect —

Table 7
Characterization of Bicuculline-Induced Stereotypy Following Intracortical
Administration

Acute Induction
Treatment (% stereotypy) (% stereotypy)
Bicuculline (0.005 µg/side)
+ saline 0 0

Amphetamine (6 mg/kg) 20 0
Bicuculline (0.005 µg/side)
+ amphetamine (6 mg/kg) 100a 0

Bicuculline (0.01 µg/side) 60 0
Bicuculline (0.1 µg/side) 100 0
Bicuculline (0.5 µg/side) Convulsions
Bicuculline (0.05 µg/side)
+ saline i.c. 88 —
+ CPP (0.1 µg/side) 25a —

Bicuculline (0.05 µg/side)
+ Sulpiride (75 mg/kg ip) 100 —
+ CPP (20 mg/kg ip) 0a —

a Significantly different from saline control, as determined by a χ2-test (p < 0.05).
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tonically active NMDA system in the frontal cortex. This view is further supported by the observations
in Table 5, which demonstrated that THIP, a GABAA agonist, injected into the frontal cortex can block
the systemic effect of amphetamine. The key role of the GABAA system in the manifestation of stereo-
typy is further underscored by the above-described drug studies in the striatum. Stereotypy originating
in the striatum appears to result from a GABAergic inhibition of its GABAergic outflow; similarly, in
the frontal cortex stereotypy is again the result of the inhibition of a GABAergic system, which physi-
ologically functions to inhibit a tonically active glutamatergic system.

5. CONCLUSIONS

First, the purpose of the described study was to define the role of the dopamine, glutamate, and
GABA systems in mediating three effects of the psychomotor stimulants: stimulant-induced stereo-
typy in normal animals, the induction of behavioral sensitization, and the expression of the sensitiza-
tion. In order to identify the functional involvement of the three neurotransmitter systems, relatively
selective antagonists were administered systemically to determine their influence on the three effects
of the stimulants. Systemically, all three classes of the antagonists blocked not only the acute response
to the stimulants but also the induction and the expression of sensitization; therefore, it appears that all
of the measured effects of amphetamine and cocaine require the activation of both D1 and D2 recep-
tors, as well as those of the NMDA glutamate and GABAA systems. Other classes of receptors, specif-
ically those of the metabotropic glutamate and the GABAB systems, do not appear to be functional
components in any of the measured effects, at least within the limits of the experimental design.

Second, the systemic study of the non-NMDA glutamate system, which is not required for the acute
response, demonstrated that it is a functional component of the circuits that constitute both the induc-
tion and expression of sensitization. The results with the non-NMDA antagonists illustrate that both
sensitization phenomena (induction and expression) can be blocked by these drugs; therefore, sensiti-
zation involves systems that are not components of the circuit that produces stereotypy in normal ani-
mals. Furthermore, the non-NMDA antagonists, in contrast to the dopamine, the NMDA, and the
GABAA antagonists, cannot completely block the motor response in sensitized animals. The quantita-
tive data suggest that the amphetamine response in sensitized animals consists of two distinct compo-
nents—the normal response plus the contribution to the total response provided by sensitization. These
conclusions suggest that dopaminergically mediated stereotypy in sensitized animals can be produced
by the activation of at least two different circuits. The results of the systemic study of the role of the
non-NMDA system provide evidence that induction and expression of sensitization depend on par-
tially different circuitries than does the acute response.

Third, the dose-response curves obtained for the above-described qualitative systemic drug effects
indicate that the ED50 values for the individual antagonists are generally the same for the acute
response and for both the induction and the expression of sensitization. The results imply that the func-
tion of these systems is common to the three effects investigated. Only the data from the D1 antagonist,
SCH-23390, and CPP, the NMDA antagonist, deviate from the general results. In both instances, the
ED50 values for induction differed from their other two values; in the case of the D1 antagonist, the
ED50 value to block induction was about two orders of magnitude greater, and for CPP to block induc-
tion required about one order of magnitude less drug. Such results support the hypothesis that induc-
tion involves a different circuit from those that enable the other two effects. Furthermore, the D1 data
on induction provide provocative evidence that this dopamine effect as described above is mediated
not by D1 receptors, but by D5 receptors. The quantitative systemic data presented serve to distinguish
between the circuit involved in induction and those involved in the acute response and expression;
therefore, these data combined with the observed non-NMDA results demonstrate that distinct circuits
exist for each of the three effects studied, even though the different circuits appear to share some com-
mon neuroeffector systems.
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Fourth, the influence of the intrastriatal administration of the dopamine, NMDA, and GABAA

antagonists on amphetamine-induced stereotypy mirrored their systemic effects; that is, these antago-
nists in the striatum blocked all of the measured effects of amphetamine. Consistent with these obser-
vations, the corresponding agonists injected into the striatum all produced stereotypy. The results of
the intrastriatal administration of various combinations of dopamine agonists and antagonists indicate
that dopamine activates the NMDA glutamate system, which, in turn, activates the GABAA system.
Considering that the major outflow from the striatum is GABAergic, the results of the striatal drug
studies suggest that stimulant-induced stereotypy derives from the inhibition of the inhibitory outflow
of the striatum.

The results of the cortical studies of the D2 and GABAA agonists and antagonists demonstrate that
stereotypy results from the inhibition of GABAA activity in the frontal cortex. The data suggest that
GABA physiologically functions tonically in the cortex to inhibit stereotypy and that drugs which
either enhance stimulant-induced stereotypy or produce stereotypy in the absence of the stimulants
do so by diminishing GABAA activity in the cortex. The data obtained from studies in the striatum
also suggest that the stimulant-induced stereotypy is the consequence of the inhibition of the
GABAergic outflow of the striatum. The results of the drug studies both in the striatum and in the
frontal cortex emphasize the pivotal role that the inhibition of GABAergic activity plays in the man-
ifestation of stereotypy.

The loss of corticodopaminergic inhibition appears to be at least a part of the mechanism of sensiti-
zation; that is, the normal stimulant-induced D2 activity in the cortex inhibits systemic amphetamine or
cocaine, and this inhibitory activity is mediated by the GABAA system in the cortex. The disappear-
ance of the GABAergic inhibition in sensitized animals, therefore, results in an enhanced motor-
response characteristic of sensitization. Other explanations of sensitization, such as an increase in
striatal dopamine receptors or in dopamine release have not stood the test of time. There are, for exam-
ple, about as many papers that claim that sensitization is associated with an increase in the release of
dopamine in the striatum as there are those that claim there is no such increase (42, but see ref. 43);
therefore, alternative explanations of sensitization must be sought.

Finally, the above presented data is only a partial description of the response systems activated by
amphetamine and cocaine that produce stereotypy and sensitization. The description is only partial
because other neuroeffector systems besides those investigated are undoubtedly involved, as are other
brain structures. Nevertheless, to judge from the limited data available, the complexity of such effects
is obvious, but it is the definition of this complexity that may provide additional pharmacological
opportunities to interrupt the deleterious effects of amphetamine and cocaine. To illustrate, the data
presented indicate that a functinal D1 dopamine system is necessary for all of the measured effects of
the stimulants, and this raises the possibility that a D1 antagonist might be of value in the treatment of
drug abuse. The data, however, also focus on the pivotal role that the GABAA system plays in the
effects of the stimulants; for example, it is the GABAA system that appears to control the dopaminer-
gically mediated inhibitory outflow from the striatum that results in stereotypy, and it is also the inhi-
bition of the GABAA system in the frontal cortex that appears to control dopaminergically induced
stereotypy. These GABAergic functions take on a special significance in view of the incredible obser-
vation that, in the brain, there are probably more than 500 distinct GABAA receptor subtypes and that
specific subtypes appear to be localized in specific brain areas (44). Such observations suggest that at
least some brain effector systems are controlled by distinct GABAA receptors. In support of this con-
cept, there already are data that demonstrate that some functions in the brain are dependent on a spe-
cific GABAA receptor subtype (44). The recognition of this structural and functional diversity of the
GABAA system raises the possibility that the development of subtype-selective drugs may provide
unique clinical uses of GABAergic drugs in dopamine-dependent dysfunctional states, including not
only drug abuse but also parkinsonism and schizophrenia. The latter disorders classically have been
attributed to either too little or too much dopamine, but our increasing knowledge of the GABAA
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system may, in part, shift the focus in these disorders from dopamine to either too much or too little
activity of a specific GABAA system. The development of GABAA receptor-specific drugs is now in
progress (45) and these drugs will ultimately provide us with the pharmacological tools necessary to
elucidate the role of specific GABAA receptor systems in CNS function.
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Addiction and Glutamate-Dependent Plasticity

Marina E. Wolf, PhD

1. INTRODUCTION

Addiction may be defined as the gradual evolution from casual or controlled use into a compulsive
pattern of drug-seeking and drug-taking behavior. Even after abstinence is achieved, patients remain
vulnerable to episodes of craving and relapse triggered by stimuli previously associated with the avail-
ability of drug or the act of drug-taking (1). This transition fits the definition of neuroplasticity, defined
as the ability of the nervous system to modify its response to a stimulus based on prior experience.
However, it is an exceptionally powerful and persistent form of plasticity. Episodic craving persists for
years in humans (2), and animal studies show that conditioned responses to cocaine-related stimuli are
highly resistant to extinction (3).

Monoamine transporters are the immediate target in brain of psychostimulants like cocaine and
amphetamine, and this interaction is becoming increasingly well characterized. However, it remains a
mystery how an initial elevation of monoamine levels leads to changes in the nervous system that per-
sist for years. This problem will be the focus of this chapter. We will emphasize studies related to
behavioral sensitization, a glutamate-dependent form of drug-induced plasticity that provides a useful
model for some aspects of addiction. An overview of sensitization is therefore provided, but it is not
comprehensive (for other reviews, see refs. 4 and 5).

2. GLUTAMATE AND ADDICTION: CLUES FROM BEHAVIORAL
SENSITIZATION

Behavioral sensitization refers to the progressive enhancement of species-specific behavioral
responses that occurs during repeated drug administration and persists even after long periods of with-
drawal. The relevance of sensitization to addiction has been discussed (6–9). Key points are as follows:
(1) sensitization occurs to the reinforcing effects of psychostimulants, not just locomotor effects, (2)
sensitization is influenced by the same factors that influence addiction (e.g., stress, conditioning, drug
priming), (3) sensitization is accompanied by profound cellular and molecular adaptations in the
mesocorticolimbic circuits that are fundamentally involved in motivation and reward and that are
implicated in addiction in humans, and (4) like addiction, sensitization is very persistent, e. g., amphet-
amine sensitization can last up to a year in rats, a species that lives only 1–2 yr (10). Thus, behavioral
sensitization provides an animal model for the induction of persistent changes, at both cellular and
behavioral levels, in the neural circuitry of motivation and reward as a result of chronic exposure to
drugs of abuse.

In retrospect, there are many logical reasons to focus on glutamate in addiction research. An obvi-
ous reason is that addiction fits the definition of plasticity, and glutamate is implicated in nearly every
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form of plasticity. A second reason is that glutamate neurons are well placed, anatomically, to govern
the output of dopamine (DA) systems. They provide the major source of excitatory drive to DA cell
bodies in the midbrain, whereas target cells in DA projection areas, such as the nucleus accumbens
(NAc), receive convergent inputs from DA and glutamate nerve terminals (e.g., ref. 11). Finally,
human imaging studies implicate glutamate-rich cortical and limbic brain regions in cocaine-condi-
tioned responses (12–17). As relapse is the major problem in treating cocaine addicts and may be trig-
gered by drug-conditioned cues, it is likely that plasticity in glutamate projections mediating
drug-conditioned responses plays a key role in addiction.

Historically, however, the impetus for studying glutamate’s role in addiction came from studies of
behavioral sensitization. It was first demonstrated in 1989 that the development of behavioral sensi-
tization in rats and mice was prevented if each amphetamine or cocaine injection in a chronic regi-
men was preceded by systemic injection of the noncompetitive N-methyl-D-aspartate (NMDA)
receptor antagonist MK-801 (18). Since then, many studies have demonstrated similar effects
with different classes of NMDA receptor antagonists and with α-amino-3-hydroxy-5-isoazole propi-
onic acid (AMPA) and metabotropic glutamate receptor antagonists (4). A key observation is that
coadministration of glutamate receptor antagonists with psychostimulants also prevents the ability of
prior drug exposure to promote drug self-administration, demonstrating that sensitization to drug
reinforcing effects is also a glutamate-dependent process (e.g., ref. 19; reviewed in ref. 4). Another
important observation is that glutamate antagonist treatments that prevent behavioral sensitization
also prevent the development of neurochemical and electrophysiological adaptations that normally
accompany sensitization (e.g., ref. 20; reviewed in ref. 4). This indicates that glutamate receptor
stimulation is a necessary step in the cascade of cellular changes leading to sensitization. An encour-
aging finding, from a therapeutic perspective, is that manipulations of glutamate transmission can
reverse behavioral sensitization (21,22). Some glutamatergic drugs, particularly MK-801, may influ-
ence sensitization in part through mechanisms related to state-dependent learning (23–25). However,
such effects cannot account for the ability of many classes of glutamate receptor antagonists to pre-
vent the development of behavioral sensitization and associated neuroadaptations (26,27).

Microinjection studies indicate that glutamate receptor antagonists are probably acting in the
A9/A10 region, which contains DA cell bodies, to prevent the development of sensitization (28–31).
We have hypothesized that glutamate receptor antagonists prevent sensitization by attenuating excita-
tory drive to midbrain DA neurons (4). Supporting this hypothesis, the development of sensitization is
associated with a transient increase in excitatory drive to DA neurons (4), whereas it is prevented by
lesions of the prefrontal cortex, an important source of glutamate-containing projections to the ventral
tegmental area (VTA) (20,30,32; but see ref. 33). These findings suggest that sensitization may involve
drug-induced plasticity at excitatory synapses between glutamate terminals originating in the pre-
frontal cortex and VTA DA neurons. The simplest version of this model is that drugs of abuse promote
long-term potentiation (LTP) at these synapses, increasing excitatory drive to DA neurons and thus
influencing transmission in limbic and cortical DA projection areas. Exciting new data support the
possible importance of this mechanism (Section 3). However, recent anatomical studies have shown
that prefrontal cortex terminals synapse on meso-accumbens GABA neurons rather than meso-
accubens DA neurons (34), suggesting that the route of communication between prefrontal cortex and
mesoaccubens DA neurons may be indirect. Other findings suggest that alterations in GABA transmis-
sion in the VTA may contribute to sensitization (see ref. 35).

In the remainder of this chapter we will address three topics: (1) basic mechanisms by which drugs
of abuse may “tap into” cellular mechanisms governing plasticity at excitatory synapses, (2) the role of
such plasticity in the induction of sensitization in the VTA, and (3) the role of such plasticity in long-
term adaptations within the NAc. We are focusing on VTA and NAc because these are critical brain
regions for induction and expression of sensitization, respectively; however, both phases of sensitiza-
tion actually require complex circuitry (4).
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3. CANDIDATE MECHANISMS FOR STABLE DRUG-INDUCED CHANGES 
IN THE BRAIN

Based on animal studies, one can identify several categories of adaptations produced by chronic
drug administration that are candidates for triggering long-lasting changes in brain. The first is
changes in gene expression, leading to altered activity of neurons expressing these genes and, ulti-
mately, to alterations in the activity of neuronal circuits. This subject was the topic of an excellent and
very recent review, which focused on two transcription factors strongly implicated in addiction, CREB
and ∆FosB (36). These factors mediate both homeostatic and sensitizing adaptations following
repeated drug administration. However, their levels return to normal after relatively short withdrawal
periods (less than 1 wk for CREB, a month or two for ∆FosB) (36). Although there may be other drug-
regulated transcription factors or regulators that are even longer-lived, it seems most appropriate to
view these factors as triggers for stable changes that occur through different mechanisms.

One such mechanism is a change in the shape or the number of excitatory synapses. This mecha-
nism contributes to long-lasting changes in synaptic strength as a result of LTP and other forms of
learning (37). Recently, changes in dendritic spines have been found after chronic drug administration.
Repeated treatment with either amphetamine or cocaine increased dendritic branching, spine density,
and the number of branched spines in Golgi-stained medium spiny neurons in the NAc and pyramidal
neurons in the prefrontal cortex, effects which persisted at least 1 mo (38,39). Very similar alterations
were observed in rats allowed to self-administer cocaine for 1 mo (40). Interestingly, nicotine pro-
duced effects similar to those found with cocaine and amphetamine [perhaps more robust; (41)],
whereas chronic morphine produced effects opposite to those observed after cocaine or amphetamine,
i.e., decreases in spine density and dendritic branching (42). The most important point is that these
changes in dendritic morphology are identical to changes implicated in other forms of experience-
dependent plasticity and are among the most long-lasting reported in response to chronic drug admin-
istration; therefore, they are good candidates for mediating its persistence. Drugs of abuse produce
other types of morphological change as well. Onn and Grace (43) found that withdrawal from repeated
amphetamine produced long-lasting (at least 28 d) increases in gap-junction communication in the
NAc and prefrontal cortex and that this was associated with increased neuronal synchronization in
these brain regions.

Neurotrophic factors may promote synaptic remodeling during learning (44,45). Thus, an intriguing
possibility is that drug-induced increases in neurotrophic factor expression are responsible for alter-
ations in dendritic morphology after chronic drug administration (46). For example, three intermittent
injections of amphetamine produce a long-lasting (1 mo) increase in basic fibroblast growth factor
(bFGF) immunoreactivity in astrocytes of the rat VTA and substantia nigra (SN) that is blocked by
coadministration of the glutamate receptor antagonist kynurenic acid (47). A very exciting finding is
that induction of bFGF appears necessary for amphetamine sensitization, as intra-VTA administration
of a neutralizing antibody to bFGF prior to daily amphetamine injections prevents its development
(48). A 2-wk escalating-dose amphetamine regimen, which is more similar to that shown to alter den-
dritic morphology in NAc and prefrontal cortex (above), also elevates bFGF in these regions (signifi-
cant effect in NAc, trend in the prefrontal cortex) (49).

The hypothesis of this chapter is that activity-dependent forms of neural plasticity such as LTP or
long-term depression (LTD) are the first step in the cascade leading to structural changes that underlie
persistent drug-induced modifications in synaptic structure. Drugs of abuse are proposed to alter
activity in circuits related to motivation and reward, leading to abnormal induction of LTP or LTD.
They may also directly modify the ability of “normal” neuronal activity to elicit appropriate forms of
LTP and LTD. Examples of both will be discussed below. This hypothesis is consistent with evidence
for many parallels between mechanisms underlying sensitization and activity-dependent plasticty. For
example, as neurotrophic factors are one of the many signaling pathways implicated in activity-depen-
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dent plasticity (e.g., ref. 45), their proposed involvement in sensitization-related structural changes
(see above) is readily incorporated into this hypothesis. The same applies to protein kinase and phos-
phatase cascades and to transcriptional regulation, both of which are critical for LTP and other types
of learning (50–52) as well as for long-term responses to drugs of abuse (36).

A model has been proposed to explain the sequential changes that may lead from LTP and LTD to
alteration in the biochemical composition of the postsynaptic membrane and, ultimately, to changes in
the structure of dendritic spines (53). Within the first 30 min after induction of LTP, it is proposed that
AMPA receptor signaling is enhanced by Ca2+-dependent phosphorylation of AMPA receptors, which
increases their single-channel conductance, and by insertion of additional AMPA receptors into the
postsynaptic membrane. The latter is probably related to Ca2+-dependent enhancement of actin-depen-
dent dynamics in the spines, perhaps involving increased spine motility and the formation of synapses
with discontinuities within their postsynaptic densities (perforated synapses). A later stage of this
process (60 min after LTP and beyond) could result in duplication of spine synapses or the formation of
new synapses. An important foundation for this model is the “silent synapse” hypothesis, which postu-
lates that some synapses are silent at normal recording potentials because they contain only NMDA
receptors; LTP is proposed to result from insertion of AMPA receptors into the postsynaptic membrane
(54). Although this hypothesis was originally developed based on electrophysiological findings, it is
supported by recent studies showing that the surface expression of AMPA receptors is a tightly regu-
lated process, with AMPA receptors inserted into synapses during LTP and internalized during LTD
(55,56). A more detailed model has recently been proposed based on subunit-specific regulation of
AMPA receptor trafficking in hippocampal neurons (57,57a). GluR2/3-containing AMPA receptors
appear to undergo continuous recycling, maintaining a constant level of synaptic AMPA receptors
under normal conditions. Induction of LTP enables synaptic delivery of GluR1/2 heteromers both to
silent synapses and to synapses that already contain AMPA receptors. GluR1 appears to be the “domi-
nant” subunit for this process, with protein–protein interaction domains on its C-terminus preventing
GluR1/2 heteromers from being delivered to synapses under normal conditions, but enabling their
delivery in response to signaling pathways activated during LTP induction. An intriguing hypothesis is
that LTP may also insert into the postsynaptic membrane putative “slot proteins” that serve as binding
sites for AMPA receptors. After the insertion of GluR1/2 heteromers during LTP, the resulting enhance-
ment of synaptic strength can be maintained on a longer-term basis by exchange of GluR1/2 het-
eromers with intracellular GluR2/3 heteromers; the latter are then maintained by constitutive recycling
mechanisms (57).

Can drugs of abuse tap into these molecular mechanisms for altering synaptic strength? We have
recently obtained evidence that D1 receptors (which are stimulated during administration of cocaine
or amphetamine) can influence AMPA receptor subunit phosphorylation and surface expression.
These studies were performed in primary cultures prepared from the NAc of postnatal rats. First,
using phosphorylation specific antibodies and Western blotting, we found that D1 receptor stimulation
increases GluR1 phosphorylation at the protein kinase A (PKA) site, Ser-845 (58,59). Prior studies
have shown that D1 DA receptors stimulate GluR1 phosphorylation at the PKA site in striatal neurons
(60,61) and that phosphorylation at the PKA site is associated with enhancement of AMPA receptor
currents (60,62–64), but ours is the first to demonstrate this effect in the NAc. To study AMPA recep-
tor surface expression in NAc, we labeled surface AMPA receptors by incubating live cells with an
antibody recognizing the extracellular portion of GluR1, fixing cultures, and then incubating with flu-
orescent secondary antibody. D1 receptor stimulation produced a rapid (5 min) increase in punctate
surface GluR1 labeling, whereas glutamate decreased surface GluR1 labeling (65). Downregulation
of GluR1 by glutamate has also been demonstrated in hippocampal cultures (55). We are in the
process of determining if D1 receptor-mediated phosphorylation of GluR1 is linked to D1 receptor
regulation of its surface expression.
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In summary, our results demonstrate that D1 receptors modulate both the phosphorylation and
surface expression of AMPA receptors, the two major mechanisms for modulating the strength of
excitatory synapses, and that the latter mechanism is also regulated by glutamate levels. As AMPA
receptors are responsible for the majority of excitatory transmission in the NAc, these results suggest
that the level of excitatory drive to NAc neurons may be dynamically regulated in response to rapid
changes in the activity of both glutamate and DA afferents. This suggests a direct mechanism by
which cocaine and amphetamine, through promoting D1 receptor stimulation locally or altering the
activity of circuits that provide glutamate input to the NAc, could tap into fundamental mechanisms
for LTP and LTD. When D1 receptors are overstimulated during chronic administration of psychos-
timulants, we hypothesize that adaptive changes in these mechanisms occur that influence the gener-
ation of LTP and LTD. This could ultimately lead to persistent changes in the structure and function
of excitatory synapses (see above). Supporting this general possibility, a recent study showed that
repeated cocaine treatment altered the coupling of D1 receptors to PKA-dependent signaling path-
ways that modulate AMPA receptor currents (64). Of course, the findings discussed above are most
relevant for plasticity occurring at synapses onto neurons containing both D1 and AMPA receptors
(e.g., NAc neurons), whereas other mechanisms must account for drug modulation of plasticity in
DA neurons (which possess AMPA receptors but lack D1 receptors). The remainder of this chapter
will further examine the hypothesis that drugs of abuse produce long-lasting changes in brain func-
tion by influencing activity-dependent forms of plasticity such as LTP and LTD and thereby produc-
ing changes in synaptic strength in neuronal circuits related to motivation and reward.

4. ACTIVITY-DEPENDENT SYNAPTIC PLASTICITY AND THE INDUCTION
OF BEHAVIORAL SENSITIZATION IN THE VENTRAL TEGMENTAL AREA

The most direct evidence for the hypothesis presented above comes from studies on the mecha-
nisms underlying the induction of behavioral sensitization. As reviewed above, induction of sensitiza-
tion is dependent on glutamate transmission in the VTA. Of course, the induction of LTP and LTD
share this requirement for glutamate transmission, which was the basis for early hypotheses for
involvement of these phenomena in sensitization (18,66).

Many lines of evidence suggest that sensitization involves an increase in glutamate transmission in
the VTA (4). This could occur as a result of an increase in glutamate release, an increase in glutamate
receptor number, or an increase in glutamate receptor sensitivity. Recent evidence supports a version
of the third hypothesis in which sensitization is accompanied by LTP-like changes that increase in the
efficiency of glutamate transmission in the VTA.

LTP is expressed as a potentiation of AMPA receptor transmission (67,68). If the early phase of
sensitization is associated with LTP at synapses onto midbrain DA neurons, the DA neurons should
exhibit increased responsiveness to AMPA. To test this, single-unit recording studies examined the
responsiveness of VTA DA neurons to glutamate agonists either 3 or 14 d after discontinuing repeated
administration of cocaine or amphetamine (69,70). When glutamate or AMPA was applied directly to
DA cell body regions by microiontophoresis, DA neurons recorded from amphetamine- or cocaine-
treated rats showed enhanced excitatory responses compared to neurons recorded from saline controls.
No difference was observed in responsiveness to NMDA. The enhanced responsiveness to glutamate
and AMPA dissipated after 10–14 d of withdrawal, consistent with a role in induction mechanisms.

Based on these electrophysiological results, we predicted that increased AMPA receptor respon-
siveness should be detectable in microdialysis experiments as an increase in the ability of AMPA to
drive meso-accumbens DA cells and, thus, elicit DA release in the NAc. We tested this using rats
treated with the same amphetamine regimen used for electrophysiological studies (or repeated saline)
and dual-probe microdialysis. We found that intra-VTA administration of a low dose of AMPA pro-
duced significantly greater DA efflux in the ipsilateral NAc of amphetamine-treated rats (71). This
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augmented response to AMPA was transient, because it was present 3 d, but not 10–14 d, after the last
injection. It was specific for AMPA, because intra-VTA NMDA administration produced a trend
toward increased NAc DA levels that did not differ between groups. Thus, our microdialysis data are in
complete agreement with prior electrophysiological studies using the same amphetamine regimen.
Both suggest an LTP-like enhancement of AMPA transmission onto VTA DA neurons during the early
phase of drug withdrawal.

Of course, an alternative explanation for enhanced responsiveness to AMPA is an increase in AMPA
receptor expression. Indeed, there are reports that GluR1 levels in VTA, quantified using Western
blots, are increased 16–24 h after discontinuation of repeated cocaine, morphine, ethanol, or stress par-
adigms (72–74) but not after 3 w withdrawal from cocaine (74). Increased GluR1 was not observed in
the substantia nigra after repeated treatment with cocaine or morphine (73; the substantia nigra was
not examined in stress experiments), but after repeated ethanol, there was a greater increase in GluR1
in the substantia nigra than in the VTA (72). In contrast, our own quantitative immunoautoradiographic
studies (75) found no change in levels of GluR1 immunoreactivity in VTA, substantia nigra, or a tran-
sitional area after 16–24 h of withdrawal from repeated amphetamine or cocaine treatment, or after 3
or 14 d of withdrawal from amphetamine; this study used the same amphetamine regimen that resulted
in enhanced electrophysiological (70) and neurochemical (71) responsiveness to intra-VTA AMPA at
the 3-d withdrawal time and one of the same cocaine regimens used previously (73). Possible reasons
for these discrepant results at the protein level have been discussed (75). In contrast, all studies agree
that mRNA levels for GluR1 (and GluR2-4) in the VTA are not altered during withdrawal from
repeated amphetamine or cocaine (75–77). Taking all data into account, we believe that an overall
increase in GluR1 expression in the midbrain is unlikely to account for increased responsiveness of
VTA AMPA receptors at short withdrawal times. We propose that more complex mechanisms, related
to LTP, are responsible for AMPA receptor plasticity in the VTA. Although mechanisms might involve
increased AMPA receptor surface expression, models for this process do not necessary involve
increases in total levels of AMPA receptors at a cellular or regional level (Section 3). As a first step
toward evaluating this hypothesis, several laboratories have begun to characterize synaptic plasticity in
midbrain DA neurons.

Overton et al. (78) recorded from a parasagittal slice preparation containing the substantia nigra and
the subthalamic nucleus (STN); the latter sends glutamatergic projections to substantia nigra DA neu-
rons. Tetanic stimulation of the STN region produced long-lasting changes in the amplitude of excita-
tory postsynaptic currents (EPSPs) in approximately half of the DA neurons evaluated, whereas many
of the others showed an immediate but short-lived potentiation of EPSP amplitude (short-term potenti-
ation). No LTP was observed in experiments conducted in the presence of NMDA receptor antago-
nists. Bonci and Malenka (79) examined the types of plasticity exhibited by both DA and non-DA
neurons of the VTA. Many of the non-DA cells contain GABA and project to the forebrain (e.g., ref.
80). Synapses onto DA neurons exhibited paired-pulse depression as well as depression in response to
a train of 10 stimuli, whereas non-DA cells displayed facilitation under both conditions. Using a proto-
col that reliably elicits LTP in hippocampal CA1 pyramidal cells, it was found that DA neurons (but
not non-DA neurons) exhibited LTP and that its induction required NMDA but not metabotropic gluta-
mate receptor activation.

Next, two studies showed that DA neurons also exhibit LTD (81,82). Both found that the induction
of LTD did not require NMDA receptor or metabotropic glutamate receptor activation. However, it
was prevented by the Ca2+ chelator BAPTA (81,82) or by voltage-clamping cells at depolarized poten-
tials that prevent the activation of voltage-dependent Ca2+ channels (82). Conversely, it was induced
by driving Ca2+ into the DA neuron with repetitive depolarization; importantly, the LTD induced by
this mechanism occluded synaptically driven LTD (81). Together, these results suggest that LTD
induction in midbrain DA neurons requires a postsynaptic rise in intracellular Ca2+. The L-type Ca2+

channel antagonist nifedipine did not block LTD, suggesting a role for high-threshold Ca2+ channels
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(82). Perhaps the most exciting result from both articles is that D2 receptor activation appears to
oppose LTD. Thomas et al. (82) applied DA for 15–20 min and blocked LTD. This was mimicked by
quinpirole but not SKF 38393, suggesting mediation by D2 receptors. Jones et al. (81) found that
incubating slices for 15 min with amphetamine blocked LTD and that this was prevented by the D2
receptor antagonist eticlopride. Interestingly, amphetamine had no effect on LTD at hippocampal
synapses (81) and DA had no effect on LTD in the NAc (82), suggesting specificity for certain cir-
cuits. The ability of DA agonists to inhibit LTD in the midbrain is consistent with a role for high-
threshold Ca2+ channels, because DA inhibits N- and P/Q-type Ca2+ currents in midbrain DA neurons
(83). The importance of postsynaptic Ca2+ for plasticity in DA neurons is consistent with in vivo stud-
ies indicating a requirement for VTA Ca2+ signaling during induction of sensitization, although these
in vivo studies implicated L-type Ca2+ channels rather than the high-threshold Ca2+ channels impli-
cated in LTD (84–86).

Jones et al. (81) proposed that “LTD normally acts to protect VTA dopamine neurons from exces-
sive glutamatergic excitation, but that in the presence of amphetamine this brake is removed, permit-
ting unrestricted excitation of dopamine neurons.” Loss of this “braking mechanism” may promote
“pathological” strengthening of excitatory synapses on DA neurons via LTP. This situation may be
exacerbated by stimulant-induced increases in glutamate levels in the VTA, although exactly how
drugs modulate VTA glutamate levels is a matter of some debate. We have shown that amphetamine
produces a delayed but persistent increase in extracellular glutamate levels in the VTA (87–89)
through a mechanism involving glutamate transporters and reactive oxygen species (90). We have
argued that this delayed increase in glutamate levels is relevant to sensitization because treatments that
prevent amphetamine from eliciting sensitization (pretreatment with MK-801, SCH 23390, or lesions
of prefrontal cortex) also prevent amphetamine from eliciting the delayed increase in VTA glutamate
levels (89). On the other hand, Kalivas and Duffy (91,92) have reported a short-duration increase in
VTA glutamate levels in response to cocaine challenge in naive and chronic cocaine-treated rats. They
propose that cocaine elevates DA levels in the VTA, leading to activation of D1 receptors on glutamate
nerve terminals that promote the release of glutamate. Our data, and other results, are not consistent
with this model (88). However, the most important point is that drugs of abuse can elevate VTA gluta-
mate levels and this is likely to be important in triggering subsequent forms of neuroplasticity.

Another independent mechanism has been identified by which DA-releasing psychostimulants
could enhance the excitability of DA neurons. Paladini et al. (93) found that amphetamine selectively
inhibits slow mGluR-mediated inhibitory postsynaptic potentials (IPSPs) in DA neurons recorded
from midbrain slices without affecting ionotropic glutamate receptor-mediated EPSCs. Unlike
amphetamine’s effect on LTD (81,82), this effect does not involve D2 receptors. Rather, the DA
released by amphetamine activates postsynaptic α1 adrenergic receptors on DA neurons, leading to
desensitization of inositol 1,4,5-triphosphate (InsP3)-mediated Ca2+ release from internal stores and,
thus, to inhibition of mGluR-mediated IPSPs (which depend on InsP3-induced calcium release). The
mechanism of the desensitization is not clear. However, this postsynaptic α1 receptor-mediated effect
is functionally relevant because it leads to prolonged responses to repetitive stimulation. The authors
speculate that amphetamine may thus increase bursting, which may be relevant to attentional or moti-
vational aspects of behavior. Putting this together with the results of Jones et al. (81) and Thomas et al.
(82), it appears that DA-releasing psychostimulants may promote excitation of DA neurons through
two distinct mechanisms—inhibition of LTD and inhibition of mGluR-mediated IPSPs. Nicotine may
also promote LTP in the VTA, albeit by a different mechanism (94).

The critical question is whether drug regimens producing sensitization in a whole animal can influ-
ence synaptic plasticity in the VTA. The first study to address this question was published recently
(95). The authors prepared midbrain slices from naive mice and mice injected the day before with a
single injection of saline or 15 mg/kg cocaine. The relative contribution of AMPA receptors and
NMDA receptors to excitatory postsynaptic currents was compared to obtain a measure of potentiated
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AMPA receptor transmission. In slices prepared from cocaine-treated mice, the authors found a signif-
icantly larger contribution of AMPA receptors (AMPA receptor/NMDA receptor ratio). This could
reflect a change in the probability of transmitter release, increased AMPA receptor function, or
decreased NMDA receptor function. Arguing against the first possibility, cocaine-treated mice showed
no change in their responses to paired pulses. Consistent with an increase in AMPA receptor function,
the cocaine-treated mice showed a significant increase in both the amplitude and frequency of minia-
ture AMPA receptor-mediated EPSCs and also showed larger currents in response to exogenously
applied AMPA. In contrast, there was no difference between NMDA-induced currents in cocaine- and
saline-injected mice. The increase in AMPA/NMDA receptor contributions to postsynaptic currents
was transient (present 5 but not 10 d after cocaine injection), like other adaptations at the level of the
VTA, and was not seen in hippocampus or on GABA neurons of the VTA. Importantly, the authors
confirmed that the single injection of cocaine used in their study produced behavioral sensitization in
the mice. Coadministration of MK-801 with cocaine blocked sensitization in the mice, as expected,
and also blocked the cocaine-induced change in the AMPA receptor/NMDA receptor ratio. Is the
cocaine-induced potentiation equivalent to LTP? This appears to be so, because the cocaine-induced
potentiation prevented the subsequent in vitro induction of LTP. Finally, it should be noted that the
cocaine-induced potentiation was not accompanied by changes in GluR1 or GluR2 immunoreactivity
as determined by Western blotting (95), in agreement with the idea that drugs of abuse modulate
AMPA transmission in the VTA through mechanisms more subtle than altered expression of AMPA
receptor subunits (75).

In conclusion, it is encouraging that the importance of augmented AMPA receptor transmission in
VTA for sensitization has now been demonstrated using widely different experimental approaches,
including in vitro electrophysiology (95), in vivo electrophysiology (69,70), and microdialysis (71),
and that its dependence on NMDA receptor transmission is consistent with results of behavioral stud-
ies showing that intra-VTA administration of NMDA receptor antagonists prevents sensitization
(28,30,31).

5. DRUGS OF ABUSE INFLUENCE SYNAPTIC PLASTICITY 
IN THE NUCLEUS ACCUMBENS

The NAc occupies a key position in the neurocircuitry of motivation and reward and is the site of
many persistent changes associated with chronic drug exposure (96). Neurons in the NAc consist of
medium spiny GABA neurons (90%) and several populations of interneurons (10%). The medium
spiny neurons are the output neurons of the NAc and receive convergent DA and glutamate inputs.
The interneurons play important roles in information processing within the NAc and may also be
regulated by DA and glutamate (97). DA exerts neuromodulatory effects within the NAc, both by
directly influencing synaptic transmission and by modulating voltage-dependent conductances (98).
There are many controversies about the effects of drugs of abuse on glutamate transmission in the
NAc. One debate is whether glutamate transmission, particularly originating in prefrontal cortex, is
required for the expression of sensitization. Another is whether psychostimulants increase glutamate
levels in the NAc. There are also discrepant findings about the effect of psychostimulants on gluta-
mate receptor subunit expression. These issues are beyond the scope of this chapter (see ref. 4).
Rather, this section will focus on the hypothesis that abnormal synaptic plasticity in the NAc, trig-
gered by drug exposure, leads to dysregulation of motivation- and reward-related circuits and
thereby contributes to addiction.

Activity-dependent plasticity of the corticostriatal pathway in drug-naive rats has been well charac-
terized. Repetitive activation of corticostriatal glutamatergic fibers produces LTD of excitatory synap-
tic transmission in the striatum measured using in vitro recording techniques (e.g., ref. 99). Striatal
LTD requires membrane depolarization and action potential discharge of the postsynaptic cell during
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the conditioning tetanus, coactivation of D1 and D2 receptors, activation of metabotropic glutamate
receptors, and release of nitric oxide from striatal interneurons (99,100). Striatal LTP is produced
under in vitro conditions that enhance NMDA receptor activation and in vivo after tetanic stimulation
of cortical fibers (e.g., refs. 101 and 102). Interestingly, pulsatile application of DA during a condition-
ing protocol that normally results in LTD shifts the effect toward potentiation of EPSP amplitude
(103). Activity-dependent plasticity has also been demonstrated for excitatory synapses in the NAc.
Recordings from NAc slices showed that tetanic stimulation of prefrontal cortical afferents produced
both LTP and LTD, although LTP was more frequently observed (104). Tetanization of the fimbria-
fornix produces LTP of field potentials in the NAc (105). LTP in NAc neurons is NMDA receptor
dependent (104,106) and may be modulated by DA (see below). LTD in NAc neurons requires NMDA
receptor activation and consequent rises in postsynaptic Ca2+ levels, does not require metabotropic
glutamate receptor activation, and is not affected by bath application of DA (82). The latter two fea-
tures distinguish it from LTD in the dorsal striatum (see above).

Striatal and NAc neurons are normally quiescent, and their activation requires synchronous activa-
tion of multiple excitatory inputs (107). LTP or LTD in excitatory pathways impinging on these neu-
rons would have profound effects on their output, because these processes would influence the
likelihood of synchronized activation. It is therefore exciting that several recent studies have found
alterations in corticostriatal plasticity after chronic drug treatment. Studies addressing two different
but related questions will be discussed in turn.

One question is whether chronic drug exposure alters the likelihood of LTP or LTD in a manner that
outlasts the presence of drug in the brain. Pulvirenti et al. (108) compared evoked field responses in the
NAc after stimulation of fimbria afferents in rats exposed to either 1 or 5 d of cocaine self-administration
and found that the acquisition of cocaine-seeking behavior is associated with enhancement of hippocam-
pal–accumbens transmission. Thomas et al. (109) treated mice for 5 d with cocaine, challenged with
cocaine after 10–14 d withdrawal to demonstrate behavioral sensitization, and prepared slices of NAc 1
d later. Although no changes in the size of field EPSPs were found, cocaine-treated mice showed a
reduction in the amplitude of AMPA receptor-mediated quantal events, specifically at synapses activated
by cortical afferents. This was found in the shell but not core. No changes in NMDA receptor-mediated
synaptic responses or the probability of transmitter release were observed. Furthermore, the magnitude
of LTD that could be evoked in vivo was reduced in cocaine-treated mice, suggesting that the decrease in
synaptic strength produced by cocaine shares expression mechanisms with LTD.

These findings suggest that chronic cocaine induces a long-lasting depression of excitatory synap-
tic transmission in the NAc (109). This is consistent with our findings of decreased responses of NAc
neurons to iontophoretic glutamate after 3–14 d withdrawal from amphetamine or cocaine (69). How-
ever, the correspondence is not perfect, as the latter effect was not restricted to the NAc shell (69) and
decreased responses to both AMPA and NMDA were observed in a follow-up study (Hu and White,
unpublished findings). Decreased peak amplitudes of AMPA/kainate-induced inward currents have
also been observed in acutely dissociated striatal neurons prepared from chronic cocaine-treated rats
(64). Repeated cocaine administration decreases glutamate immunolabeling in nerve terminals of the
NAc shell (110), an effect that appears more persistent when cocaine is self-administered (111).
AMPA receptor subunit expression in the NAc is not altered after short (1–3 d) withdrawals from
repeated cocaine or amphetamine (73,74,112,113). However, protein and mRNA levels for the AMPA
receptor subunits GluR1 and GluR2 are significantly decreased after 10–14 d withdrawal from
repeated amphetamine administration (112,113). In contrast, repeated cocaine treatment and 3 wk of
withdrawal produce increased GluR1 levels, decreased GluR3 mRNA levels, and a trend toward
increased GluR1 mRNA levels in the NAc (74,76). These studies, along with other results showing
alterations in NMDA and metabotropic glutamate receptor expression in the NAc after repeated drug
administration (76,114–116), do not lend themselves to the formulation of a simple working
model. However, the bulk of evidence seems to suggest that the NAc is more quiescent after long



136 Wolf

withdrawals from repeated drug administration, perhaps as a result of a combination of enhanced LTD
(synaptic level), decreased AMPA receptor expression (cellular level), and other types of changes (e.g.,
changes in voltage-dependent conductances; 117). Decreased excitability of the NAc could be related
to withdrawal symptoms such as anergia, anhedonia, and depression (see ref. 117).

A different question is whether the modulatory effects of drugs of abuse, or DA itself, on LTP and
LTD are altered after repeated drug exposure. Li and Kauer (118) reported that bath application of
amphetamine blocked the induction of LTP in NAc slices prepared from naive rats. This effect was
reproduced by DA + deprenyl (an MAO-B inhibitor), but not DA alone, consistent with a previous
report that DA alone does not modulate NAc LTP (104). However, when slices were prepared from
rats previously treated with amphetamine for 6 d, bath application of amphetamine no longer blocked
LTP (118). In contrast to these observations for LTP, LTD in the NAc is apparently not subject to acute
modulation by DA (82), although LTD itself is promoted by prior exposure to the DA-releasing agent
cocaine (109; above). Chronic exposure to ethanol (119) or methamphetamine (120) has also been
reported to alter plasticity in the rat neostriatum. Tetanic stimulation induced LTD in naive rats or
saline-treated rats, whereas the same stimulation produced a slowly developing form of LTP was
observed in slices prepared 6 d after discontinuation of methamphetamine injections or 15–20 h after
ethanol withdrawal. D2 receptor activation depressed the magnitude of LTP in ethanol-withdrawn rats.
Drawing upon these and other findings, the authors speculated that the “switch” to LTP might reflect
increased NMDA receptor tone coupled with the loss of normal D2 receptor-mediated negative control
over LTP induction (119).

It is very exciting that all of these studies support the same hypothesis; that is, that DA receptor
activation normally suppresses activity-dependent increases in synaptic strength in the striatal com-
plex, but that this regulatory mechanism is lost after repeated drug exposure. If the normal effect of
DA is to keep motivational circuits “in check” despite the high rewarding value of drugs of abuse, loss
of this mechanism could contribute in a fundamental way to the loss of control over drug-seeking
behavior that characterizes addiction. Indeed, there is good evidence that glutamate transmission in
the NAc plays an important role in responses to drug-conditioned cues and in reinstatement of drug
self-administration (121–130). However, whereas loss of regulatory DA tone after chronic cocaine
would favor potentiation of synaptic transmission, the chronic cocaine-induced enhancement of LTD
at some synapses in the NAc would have the opposite effect (109). This underscores the complexity of
addiction-related adaptations, which can be viewed as a set of interacting positive and negative feed-
back loops.

6. CONCLUSIONS

LTP and LTD involve a complex cascade of biochemical changes leading to posttranslational modi-
fication and altered surface expression of AMPA receptors and, ultimately, to changes in the number
and morphology of synapses. Recent work suggests that drugs of abuse may tap into these mecha-
nisms to produce the maladaptive forms of synaptic plasticity that contribute to drug addiction.
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1. INTRODUCTION

Addiction to psychomotor stimulants is marked by a transition in drug consumption from a casual
and recreational style of use to a more compulsive and excessive pattern. Acute administration of psy-
chomotor stimulants is associated with numerous effects, including feelings of euphoria and increased
energy, which can contribute to repeated recreational consumption. However, chronic administration
of psychomotor stimulants results in the emergence of persistent cravings, paranoia, and drug-seeking
behaviors that contribute to the development of compulsive drug-taking behavior (1–4). An under-
standing of the neurobiology of drug addiction will require the identification and characterization of
neuroadaptations underlying this transition from casual to chronic drug use.

Efforts to identify the neural basis of drug addiction have focused on the contributions of the meso-
accumbens dopamine system, which originates in the ventral tegmental area (VTA) and projects to the
nucleus accumbens (5–8). This was due in part to the identification of the molecular site of action for
amphetaminelike psychomotor stimulants. Cocaine and methylphenidate bind to monoamine trans-
porters, preventing reuptake of extracellular dopamine (DA), norepinephrine, and serotonin (9,10).
Amphetamine, methamphetamine, and MDMA act as false substrates at monoamine transporters pro-
moting the release of cytosolic stores of these neurotransmitters (11). Moreover, a variety of data
demonstrate that the acute effects of psychomotor stimulants arise largely from binding to dopamine
transporters in the nucleus accumbens. Thus, dopamine receptor antagonists administered into the
nucleus accumbens or lesions of meso-accumbens dopamine neurons inhibit the locomotor activating
and reinforcing effects of amphetamine and cocaine (12–14). Given the strong evidence that meso-
accumbens dopamine is a critical mediator of acute psychostimulant-induced behaviors, it was logical
to evaluate the meso-accumbens pathway for long-term neuroadaptations produced by repeated drug
administration that may underlie addictive behaviors. Indeed, a number of enduring alterations in
presynaplic and postsynaptic dopamine transmission have been characterized (15,16). Many of these
neuroadaptations, such as augmented dopamine release and enhanced electrophysiological responsive-
ness to D1 agonists, are consistent with a sensitization model of addiction and have been presumed to
be important neuroadaptations underlying addictive behaviors.

In parallel with the emergence of our understanding, the important role of meso-accumbens
dopamine transmission in the acute effects of psychomotor stimulants has been the maturation of our
knowledge of the synaptic organization of afferents to spiny cells in the nucleus accumbens. From
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these anatomical studies, it has become clear that dopamine afferents to spiny cells modulate or gate
excitatory input to change the probability of the cells being activated (17). Thus, dopaminergic
synapses tend to be located proximal to excitatory synaptic contacts on the dendritic spines (18) and
are able to support or diminish excitatory depolarization depending on the quality of the excitatory
input (19–21). For example, dopamine transmission supports a strong excitatory volley that maintains
a cell in a relatively depolarized resting state (the up state), but also supports a relatively hyperpolar-
ized resting membrane potential (down state) in the absence of substantive excitatory input. The possi-
bility that this intimate anatomical and functional relationship between dopamine and glutamate
transmission in the nucleus accumbens might be involved in the behavioral effects of acute and
repeated psychostimulant administration has been examined in some detail. Moreover, given that
many of the excitatory afferents to the nucleus accumbens (NAc) arise from cortical and allocortical
nuclei that also receive dopamine input, it became apparent that changes in dopamine and glutamate
transmission elicited by psychostimulants may work in concert via interconnected nuclei termed the
motive circuit (see Fig. 1; 22). Consistent with this possibility, imaging studies reveal that cocaine or
presentation of cocaine-associated environmental stimuli alters brain metabolism in cortical and allo-
cortical brain regions that project to spiny cells in the NAc (3,23–25).

The focus of this chapter is to examine how comodulation of dopamine and glutamate neuro-
transmission by psychostimulants regulates the activity of the motive circuit and how this may con-
tribute to the long-term behavioral changes associated with addiction, such as craving and
drug-seeking. In order to accomplish this goal, short reviews are provided of (1) the anatomy of the
circuit, (2) the flow of information through the circuit, and (3) neuroadaptations within the circuit
following repeated psychomotor stimulant administration. In particular, this chapter will focus on
the contribution of the prefrontal cortex (PFC), basolateral amygdala (BLA), NAc, and ventral
tegmental area (VTA).

Fig. 1. Schematic illustrating a portion of the anatomical connections between regions typically included in the
motive circuit: prefrontal cortex (PFC), mediodorsal thalamus, nucleus accumbens (NAc), basolateral amydgala
(BLA), ventral pallidum (VP), and ventral tegmental area (VTA).
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GLUTAMATE AND DOPAMINE INTERACTIONS IN THE MOTIVE CIRCUIT

2.1. Glutamate and Dopamine Receptors
Extracellular dopamine binds to two major families of receptors; D1-like, which consists of D1 and

D5 receptors, and D2-like, which consists of D2, D3, and D4 receptors. The receptor subtypes within
each group share molecular and pharmacological properties but can differ in their anatomical distribu-
tion. The D1 receptor family is coupled to G proteins and is associated with the activation of adenylyl
cyclase. In contrast, the family of D2 receptors are involved in inhibition of adenylyl cyclase activity,
inhibition of phosphatidylinositol turnover, increased K+-channel activity, and modulating calcium
conductances (26,27).

Glutamate receptors consists of ionotropic and metabotropic receptors. Ionotropic glutamate recep-
tors are classified as N-methyl-D-aspartic (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA), and kainate receptors. NMDA receptors are heteromerically formed by NRI and
NR2 subunits. In addition to agonist binding, activation of NMDA receptors requires the depolariza-
tion of the postsynaptic membrane in order to overcome magnesium blockade of the ion channel; at
which point, there is a relatively long lasting increase in Ca2+ efflux. AMPA receptors consist of GluR1
GluR2, GluR3, and GluR4 subunits, whereas kainate receptors consist of GluR5–7, KA1, and KA2.
Activation of AMPA and kainate receptors opens cation Na+ and Ca2+ channels resulting in a rapid rise
and decay of synaptic currents. AMPA receptor activation, in particular, is thought to mediate most
forms of fast glutamatergic neurotransmission (28,29).

In addition to the ionotropic receptors, eight metabotropic glutamate receptors (mGluR) have been
cloned. The corresponding protein products are divided into three families: group I consists of
mGluR1 and 5 receptors, group 2 consists of mGluR2 and 3 receptors, and group 3 consists of
mGluR4, 6, 7, and 8 receptors. Group 1 receptors are coupled to phosphatidlylinositiol turnover.
Group 2 receptors inhibit forskolin-stimulated formation of cAMP, and group 3 receptors are nega-
tively coupled to adenylate cyclase (30).

2.2. Anatomy of the Motive Circuit
The circuitry outlined in Fig. 1 has been termed the motive circuit and is key in translating incom-

ing stimuli into a behavioral response (31,32). A central component of the motive circuit is the meso-
accumbens system. Although primarily a dopaminergic projection, as much as 20% of the
meso-accumbens pathway contains γ-aminobutyric acid (GABA) instead of dopamine (33). A second
critical pathway originating in the VTA is the mesoprefrontal pathway, which sends dopamine projec-
tions to the PFC. A portion of these neurons synapse directly onto glutamatergic pyramidal neurons
projecting to the nucleus accumbens. Surprisingly, almost 40% of these neurons contain GABAergic
(33). In addition to the PFC, the nucleus accumbens receives glutamatergic afferents originating in the
hippocampus, mediodorsal thalamus, and basolateral amygdala (34–37). The cells projecting from the
nucleus accumbens terminate in the ventral pallidum and ventral mesencephalon and are GABAergic
medium spiny neurons.

Ultrastructural anatomical studies indicate that dopamine and glutamate neurotransmission have
numerous points of putative interaction within the motive circuit. Both the pyramidal cells in the PFC
and medium spiny neurons in the nucleus accumbens are innervated by both transmitters. Within the
nucleus accumbens, dopamine and glutamate afferents both synapse onto dendritic spines of the
medium spiny neurons. Excitatory afferents synapse onto the head of the spine, whereas dopamine ter-
minals synapse onto the neck of the spine (38,39). A similar orientation has been observed in the PFC,
where dopamine synapses on more proximal portions of the pyramidal cell dendrite than glutamatergic
afferents from the mediodorsal thalamus (40). Within the VTA, cortical glutamatergic afferents
synapse onto both GABAergic and dopaminergic neurons projecting to the nucleus accumbens and
PFC (41).
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2.3. Neuronal Activity in Motive Circuit
Electrophysiological studies have been key in characterizing the contribution that individual

nuclei make to the flow of information through the motive circuit. Given the anatomy of the circuit,
the following subsections will review the contribution of glutamate and dopamine receptor stimula-
tion in the nucleus accumbens PFC, and BLA to the activity of the medium spiny neurons in the
nuecleus accumbens.

2.3.1. Nucleus Accumbens
Through a series of experiments over the last decade, Grace and colleagues presented compelling

evidence that excitatory afferents to spiny cells from the hippocampus and amygdala serve to gate
activity of glutamatergic afferents originating in the PFC (42). The activity of medium spiny neurons
exhibit biphasic states characterized by a depolarized state in which the cell is more excitable and a
hyperpolarized nonfiring state in which the cell is unlikely to fire (19,43). Hippocampal glutamatergic
afferents appear to regulate the transition to the up (relatively depolarized) state. Specifically, stimula-
tion of fimbria fornix produced a long-lasting duration of the up state (19). Similarly, stimulation of
BLA resulted in a brief transition to the depolarized state. (44). Conversely, PFC glutamatergic affer-
ents to the accumbens do not appear to alter the frequency of up or down states, but, instead produce
action potentials in medium spiny neurons provided the cell is in the up state (19). Stimulation of
either NMDA or AMPA receptors in the accumbens produces excitation in medium spiny neuron;
however, AMPA but not NMDA receptor antagonists block glutamate-induce excitation of medium
spiny neurons (45).

Dopamine neurotransmission in the accumbens also modulates the biphasic states observed in
medium spiny neurons. Stimulation of D1 receptor in the NAc is thought to promote a voltage-depen-
dent calcium conductance that prolongs the duration of the up state (46,47) However, this occurs only
when the neuron is in the up state because the calcium conductance is voltage dependent. In contrast,
stimulation of D2-like receptors in the accumbens supports the duration of the down state, as well as
decreasing the frequency of transition from the down state to the up state (42). Taken together, this
compound effect of dopamine transmission serves to increase the signal-to-noise ratio by supporting
either the up or down state. Thus, if there is more depolarizing glutamatergic input, dopamine trans-
mission will increase the duration of depolarization by increasing calcium conductance, and in the rel-
ative absence of depolarizing input, dopamine will support an inactive state. This dopaminergic filter
on the transit of information is consistent with behavioral studies that have concluded that dopamine
serves to “gate” information through the nucleus accumbens (17).

2.3.2. Ventral Tegmental Area
The activity of meso-accumbens dopamine neurons is differentially modulated by stimulation of

glutamatergic and dopaminergic receptors in the VTA. Meso-accumbens dopaminergic neurons are
characterized by long-duration action potentials, irregular- and burst-firing patterns, and slow conduc-
tion velocities. Stimulation of NMDA receptors in the VTA regulates burst firing (48,49), whereas
stimulation of AMPA receptors appears to regulate the overall firing rate (50) Conversely, stimulation
of dopamine receptors in the VTA produces an inhibition of activity modulated by D2 autoreceptors.
The role of D1 receptor stimulation is unclear because these receptors are located on glutamatergic ter-
minals and GABAergic interneurons. Thus although stimulation of D1 receptors fails to directly alter
the activity of meso-accumbens DA neurons (51,52) it would be expected to affect overall excitatory
and inhibitory tone to the cells.

2.3.3. Prefrontal Cortex
Similar to medium spiny neurons in the accumbens, projection (pyramidal) cells in the PFC also

exhibit biphasic states (53,54), although the regulation of these states is not well understood. Interest-
ingly, however, several studies have shown that dopamine projections from the VTA modulate this
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pathway. Ultrastructural studies indicate that glutamate and DA afferents to the PFC synapse directly
onto dendritic spines and shafts of pyramidal neurons (38,39). Dopamine neurotransmission in the
PFC is thought to inhibit PFC efferents, in part due to observations that stimulation of the VTA
decreases cell firing in the PFC (55,57), and this is attenuated by blockade of D2-like DA receptors
(57). However, the inhibition of cell firing observed following stimulation of the VTA may also involve
GABA release, consistent with the aforementioned anatomical studies indicating that approx 40% of
neurons from VTA to PFC are GABAergic (58). More recently, it has been suggested that DA in the
PFC, similar to the NAc, acts as a state stabilizer. This conclusion was based on the observation that,
akin to the spiny cells in the nucleus accumbens (see above), stimulation of the VTA produces an
increase in duration of the pre-existing state of the cell (42). In fact, also similar to the nucleus accum-
bens, stimulation of D1-like dopamine receptors in the PFC increases cell excitability but only when
the cells are in the depolarized state (59).

2.3.4. Basolateral Amygdala
The BLA contributes to the activity of the motive circuit by sending glutamatergic projections to

both the accumbens and the PFC. Stimulation of the BLA produces a brief increase in the frequency of
cells in the up state in the accumbens (44). In turn, the activity of the BLA is modulated by excitatory
afferents from the PFC, sensory cortex, and thalamus, as well as dopaminergic afferents from the VTA
(60,61). Specifically, extracellular dopamine in the BLA acts to inhibit PFC afferents while enhancing
afferents originating in sensory cortical regions (62). Within the BLA, there are two types of neurons:
inhibitory interneurons and pyramidal like projection neurons. Stimulation of dopamine receptors in
the BLA decreases the firing rate of projection neurons while increasing the firing rate of interneurons
(62). Thus, similar to putative functions in the VTA and PFC, dopamine in the BLA acts to modulate
or gate the activity of cortical glutamatergic afferents.

2.4. Neurotransmitter Release in the Motive Circuit
The electrophysiological studies outlined above demonstrate that activation of medium spiny neu-

rons is the result of to cortical glutamatergic afferents to the accumbens, but spiny cells in the nucleus
accumbens are also highly regulated by meso-accumbens dopaminergic projections. Thus, extracellu-
lar dopamine and glutamate levels in the accumbens are key players in determining output from the
nucleus accumbens and of the motive circuit in general. The following sections will examine how
extracellular levels of dopamine and glutamate are coregulated by stimulation of dopamine and gluta-
mate receptors in the accumbens, VTA, and PFC.

2.4.1. Nucleus Accumbens
The extracellular levels of dopamine and glutamate in the accumbens are modulated by stimulation

of dopamine receptors. Stimulating D2-like receptors in the accumbens decreases extracellular levels
of glutamate (63,64) and dopamine (65,66), indicating that these receptors serve as presynaptic recep-
tors on glutamate terminals, in addition to a well-established inhibitory effect on dopamine terminals
(67). Conversely, D1-like receptor stimulation fails to alter extracellular glutamate levels in the NAc
(63,64), although electrophysiological studies indicate potential direct or indirect modulation of gluta-
mate release by D1 receptor stimulation (68–70).

Extracellular levels of dopamine and glutamate are modulated by stimulation of glutamate recep-
tors in the accumbens. Stimulation of ionotropic glutamate receptors produces a decrease in extracel-
lular dopamine levels in the nucleus accumbens, unless high doses of AMPA and NMDA agonists are
used (71). Regardless, stimulation of ionotropic receptors in the accumbens likely regulates dopamine
levels via feedback to dopamine cell bodies in the VTA. In support, excitatory stimulation of spiny
cells produces a decrease in activity of cells in the VTA (72). Although the effect of ionotropic recep-
tors is not fully clarified, stimulation of group 2 or 3 mGluRs produces a decrease in extracellular lev-
els of dopamine in the accumbens (73). Interestingly, reverse dialysis of the group 2/3 antagonist,
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α-methyl-4-phosponophenylglycine (MPPG), increased extracellular dopamine levels, indicating that
stimulation of these receptors exerts a tonic inhibition of dopamine release in accumbens (73). Stimu-
lation of group 2 or 3 mGluRs also decreases the extracellular levels of glutamate, whereas blockade
of these receptors increases glutamate (74). Collectively, these studies indicate that dopamine and glu-
tamate in the accumbens can regulate transmitter release from respective synaptic terminals via presy-
naptic heteroreceptors.

2.4.2. Ventral Tegmental Area
Stimulation of dopamine and glutamate receptors in the VTA differentially regulate extracellular

dopamine and glutamate levels in the PFC and accumbens. Dopamine receptor stimulation in the VTA
reduces the release of mesoaccumbens dopamine neurons because of the stimulation of D2-like soma-
todendritic autoreceptors (75,76). Interestingly, recent reports indicate that meso-prefrontal dopamine
neurons have relatively fewer somatodendritic autoreceptors (76). In support, the blockade of D2-like
dopamine receptors in the PFC failed to alter extracellular levels in the PFC at a concentration that
potently increased dopamine levels in the accumbens (76). The effect of D1-like dopamine receptor
stimulation on dopamine neurons is unclear because these receptors regulate the release of glutamate
and GABA in the VTA (77–79).

Glutamate neurotransmission differentially regulates meso-accumbens and meso-prefrontal neu-
rons via ionotropic receptor stimulation. Stimulation of NMDA receptors in VTA exerts tonic exci-
tation on both meso-accumbens and meso-prefrontal neurons, and intra-VTA administration of an
NMDA antagonist decreases dopamine levels in the accumbens and PFC (80–82), although see
refs. (83 and 84). These findings are partly supported by reports of decreased levels of dopamine in
the accumbens following simultaneous blockade of NMDA and AMPA receptors in VTA (80,85).
Interestingly, AMPA receptor stimulation in the VTA exerts a greater effect on meso-accumbens
versus meso-cortical neurons. In support, AMPA receptor blockade in the VTA produced an
increase in extracellular dopamine levels in the accumbens, but a decrease in the PFC (82,86),
whereas AMPA receptor stimulation more effectively elevated dopamine transmission in the
accumbens versus PFC (87).

2.4.3. Prefrontal Cortex
Stimulation of dopamine and glutamate receptors in the PFC differentially regulate local and

nucleus accumbens extracellular dopamine and glutamate levels. Specifically, stimulation of NMDA
receptors produces tonic inhibition of dopamine release in the PFC, whereas AMPA receptor stimu-
lation produces tonic increases in dopamine release in the PFC (82,88–90). The mechanism underly-
ing NMDA receptor modulation of extracellular cortical levels of dopamine may involve activation
of GABAergic interneurons (91). However, the mechanism underlying AMPA receptor modulation
of cortical dopamine levels is unclear, but it likely involves regulation of dopamine neurons within
the VTA. Consistent with this interpretation, corticofugal glutamatergic projections to the VTA
synapse directly onto meso-prefrontal neurons (41). D1-like dopamine receptors in the PFC have
been shown to exert tonic inhibition on PFC pyramidal neurons. In support, stimulation of D1-like
receptors in the PFC via reverse dialysis of SKF 38393 produced a decrease in extracellular concen-
trations of glutamate (92).

2.4.4. Basolateral Amygdala
The BLA sends excitatory projections to the accumbens and contributes to regulation of biphasic

states in medium spiny neurons (see above). Electrophysiological studies also indicate that stimulation
of dopamine in BLA inhibits firing of efferent pyramidal cells. However, microdialysis studies charac-
terizing the effect of dopamine and glutamate receptor stimulation on extracellular neurotransmitter
levels are currently lacking.
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3. PSYCHOSTIMULANT-INDUCED NEUROADAPTATIONS IN THE
INTERACTIONS BETWEEN GLUTAMATE AND DOPAMINE

Repeated psychostimulant consumption ultimately results in classic symptoms of addiction such as
craving, compulsive drug use, and paranoia. Identifying the neuroadaptations mediating the emer-
gence of these enduring behavioral alterations is key to the understanding of the neurobiology of psy-
chostimulant addiction and developing rational therapies. In general, acute systemic administration of
psychostimulants alters dopamine and glutamate neurotransmission throughout the motive circuit;
thus, it is not surprising that neuroadaptations elicited by repeated psychostimulant administration
have been identified throughout this circuit. The following sections will examine some of the neuroad-
aptations occurring in the VTA, PFC, and accumbens following cocaine administration. For a more
complete discussion of the effects of repeated psychomotor stimulants, the reader is referred to a num-
ber of recent reviews on psychostimulant induced neuroadaptations (15,16,93,94).

3.1. Animal Models of Addiction
Although imaging technology has rapidly improved our capacity to study neuroadaptations in

human psychostimulant addicts, primary neurobiological understandings of the cellular mechanisms
as well as the circuitry that underlie addictive behaviors can only be derived from more invasive tech-
niques in animal models of addiction. The animal models employed all involve repeated administra-
tion of psychostimulants in an effort to mimic repeated administration in addicts and can be placed
into two general categories: (1) repeated drug administration by the investigator (noncontingent) and
(2) self-administration of drug by the experimental subject (contingent). Noncontingent models of
addiction can be further subdivided into (1) studies of behavioral sensitization to repeated drug injec-
tions made over a few days to a few weeks and (2) a few repeated injections over days in a conditioned
place-preference paradigm. The sensitization model has advantages of being a very simple and effi-
cient measurement of a readily quantifiable behavioral neuroadaptation (e.g., the progressive increase
in motor responding to drug injection). A disadvantage of this model is that although it is a reasonable
model of the progressive development of paranoia to repeated administration in humans, its value in
explaining other aspects of addiction has been questioned. Nonetheless, this is the most frequently
employed model in studies designed to investigate the neurobiological underpinnings of psychostimu-
lant addiction. The conditioned place-preference model has the advantage in that the animal makes a
choice to approach the drug-paired environment, which is theoretically a reflection of biological sub-
strates that would mediate similar behavior in addicts.

Contingent models of addiction vary and are reviewed in detail elsewhere (95). Although these
models more directly assess the acquisition, maintenance, and reinstatement of compulsive drug-tak-
ing, they are more technically cumbersome and, to date, relatively little neurobiological information
has been generated using these models. However, over the last 5 yr, studies have emerged with increas-
ing frequency employing these models to study the biological underpinnings of addiction. Thus,
although the neuroadaptations outlined below are of necessity derived primarily from studies utilizing
the sensitization model of addiction, more recent findings employing contingent drug administration
have been incorporated.

3.2. Acute Psychostimulant Administration
The primary molecular target mediating the behavioral effects following acute psychostimulant

administration is the dopamine transporter (see above). However, by increasing dopamine transmis-
sion, changes in transmitter release and cell signaling can be measured throughout the motive circuit.
For example, an acute injection of cocaine suppresses the firing of medium spiny neurons by increas-
ing extracellular levels of dopamine to stimulate D2 somatodendritic autoreceptors and also via alter-
ing GABAergic and glutamatergic transmission in the accumbens and ventral pallidum (16).
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3.3. Repeated Psychostimulant Administration
Repeated administration of psychomotor stimulants produces numerous neuroadaptations in the

VTA that result in an increase in the basal activity of meso-prefrontal and meso-accumbens neurons.
Although these changes are relatively transient, they may be key for the development of long-lasting
changes observed in other motor circuit nuclei (6,96) and include subsensitivity of somatodendritic
DA autoreceptors (97,98), reduction of inhibitory G-protein levels (99,100), increased tyrosine
hydroxylase synthesis (101), increased expression of dopamine transporter and vesicular monoamine
transporter genes (102,103), and enhanced basal levels of extracellular dopamine (104). Neuroadapta-
tions in excitatory neurotransmission also occur in the VTA, such as increased AMPA receptor sensi-
tivity (105,106), increased expression of glutamate receptor subunits (107,108), and sensitized
cocaine-induced or electrically stimulated glutamate release (64,109).

Repeated administration of cocaine produces an augmented neurochemical profile of an acute
injection of cocaine. Specifically, repeated cocaine produces a sensitized increase in extracellular
dopamine in the accumbens (110) and a sensitized increase in extracellular glutamate in the VTA and
the accumbens (9,64). Interestingly, the enhanced levels of glutamate in the accumbens may be the
result of alterations in cocaine-induced dopamine release in the PFC. Repeated cocaine administra-
tion produces a decrease in cocaine-induced release of dopamine in the PFC (111), indicating there
is less inhibitory dopaminergic tone on corticofugal glutamatergic neurons. Alternatively, the
increase in glutamate in the accumbens may arise from neuroadaptations in presynaptic release
mechanisms. Cocaine-induced presynaptic alterations have been shown to mediate the enhanced
releasability of dopamine in the nucleus accumbens (112), and include (1) a short-term decrease in
D2 autoreceptor inhibitory feedback (113) and (2) an enduring increase in calcium signaling through
calmodulin-dependent protein kinase II (CaMKII) (114–116). Similar studies have not been pub-
lished for glutamate release. However, recent work in our laboratory has revealed that repeated
cocaine produces a long-lasting decrease in basal extracellular levels of glutamate that may arise
from alterations in cystine–glutamate exchange and changes in regulation of release by group 2
mGluR autoreceptors (74,117).

Taken together, these data indicate that dopaminergic and glutamatergic tone in the motive circuit
have been altered by repeated psychostimulant administration. There exists marked changes in the
portion of the circuit interconnecting the VTA, PFC, and nucleus accumbens that may predispose the
animal to exacerbated (sensitized) behavioral responses. For example, increased releasability of both
dopamine and glutamate in the accumbens would presumably increase the relative duration that
spiny cells are in a depolarized state (up state) and facilitate behavioral responding. Moreover,
reduced dopamine transmission in the PFC, in response to environmental and pharmacological chal-
lenges (111), would be expected to diminish aspects of cognitive function (117) that could minimize
intrusion by environmental stimuli and minimize disruption of ongoing compulsive or stereotyped
behavior (118).

3.4. Glutamate and Dopamine Interactions and Implications for Craving
Drug-induced neuroadaptations following repeated administration of psychomotor stimulants

likely contribute to the emergence of craving leading to relapse even following prolonged periods
of abstinence. The biological substrates of craving for cocaine have been studied by imaging
addicts in situations that provoke craving. These studies uniformly reveal an increase in metabolic
activity in specific cortical areas, notably the dorsal PFC and amygdala (3,23). However, in order to
obtain detailed information regarding the neurobiological underpinnings of craving, animal models
have been employed. In rats, cocaine-seeking behavior is often defined as nonreinforced behaviors
associated with drug delivery. Relapse is typically assessed in a reinstatement paradigm in which
pharmacological or environmental stimuli elicit reinstatement of extinguished cocaine-seeking
behavior.



Glutamate and Dopamine Interactions in the Motive Circuit 151

Similar to humans, both cocaine-paired stimuli and cocaine produce potent reinstatement of drug-
seeking seeking behavior. Recently, it was revealed that these two stimuli activate separate nuclei
within the motive circuit (25). Specifically, cocaine-associated stimuli resulted in elevated Fos protein
expression in a number of regions, including the prefrontal cortex/anterior cingulate, BLA, accum-
bens, and hippocampus in rats withdrawn from cocaine (25). Conversely, a cocaine-priming injection
in these rats produced elevated Fos protein expression in the anterior cingulate/mPFC and VTA. An
increase was also obtained in the nucleus accumbens, however, this effect was not significant. These
data indicate that the motive circuit is involved in reinstatement produced by both cocaine and
cocaine-associated stimuli. In particular, it appears that regardless of the modality of the stimulus,
(e.g., pharmacological or environmental), cocaine-seeking behavior is produced by activating the pro-
jection from the dorsal PFC to the nucleus accumbens. This is consistent with observations that the
expression of behavioral sensitization to cocaine, as well as the increased releasability of glutamate in
the nucleus accumbens, is inhibited by selective lesions of the dorsal prefrontal cortex (119). More-
over, cocaine reinstatement of cocaine-seeking behavior via meso-prefrontal modulation of corticofu-
gal projections to the accumbens is indicated by the fact that the blockade of AMPA receptors in the
accumbens prevents cocaine-induced reinstatement (120). Consistent with a role of glutamate in mod-
ulating the activity of medium spiny neurons to induce craving, stimulation of AMPA receptors pro-
duced a selective increase in cocaine-seeking behavior on the cocaine-paired lever (121). Finally,
recent evidence from our laboratory indicates that inhibition of the dorsal PFC by microinjecting a
combination of GABAA and GABAB agonist blocks cocaine-induced reinstatement (122). In contrast,
it appears that cocaine-associated stimuli reinstate cocaine-seeking behavior by activating the BLA
and the hippocampus, which then regulate the activity of the PFC (123). This idea is consistent with
electrophysiological studies revealing that the BLA produces a brief increase in the up state of medium
spiny neurons in the accumbens, which would be expected following presentation of a brief but salient
stimulus (44). Furthermore, the hippocampus produces a long-lasting increase in the up state of these
neurons, consistent with its role in contextual learning (124). Behavioral studies also support this
notion. For instance, chronic or reversible lesions of the BLA block cue-induced reinstatement without
altering cocaine-induced reinstatement (123,125). Furthermore, cocaine administration in a cocaine-
paired, but not in a cocaine-unpaired, environment has been shown to increase extracellular glutamate
levels in the accumbens (126).

Reinstatement studies to date support a role for glutamate release in the nucleus accumbens as a
critical biological signal to initiate drug-seeking behavior. This poses the interesting possibility that
although psychostimulant-induced increases in dopamine transmission critically regulate the acute
effects of cocaine, once a behavior is established, it may rely more on glutamate than dopamine trans-
mission. Supporting this notion, the blockade of AMPA, but not dopamine, receptors in the nucleus
accumbens inhibits cocaine-induced reinstatement of cocaine-seeking behavior (120). Given the rela-
tively weak or inconsistent effects of dopaminergic drugs (127), the apparent prepotent role of gluta-
mate versus dopamine in the reinstatement of drug-seeking behavior in animal models points to a
possible therapeutic intervention in relapse of psychostimulant addicts with agents that diminish gluta-
mate transmission.
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10
Glutamate Cascade from Metabotropic Glutamate
Receptors to Gene Expression in Striatal Neurons

Implications for Psychostimulant Dependence and Medication

John Q. Wang, MD, PhD, Limin Mao, MD, and Yuen-Sum Lau, PhD

1. INTRODUCTION

Glutamate is a major excitatory neurotransmitter in the central nervous system (CNS), which regu-
lates a variety of neuronal activities through interaction with glutamate receptors. Glutamate receptors
are divided into two major families: ionotropic (ligand-gated ion channels) and metabotropic (G-pro-
tein coupled) receptors based on their biochemical, pharmacological, and molecular profiles (1). Com-
pared to thoroughly investigated roles of the ionotropic receptors, functional studies on metabotropic
glutamate receptors (mGluRs) are just emerging in recent years. At present, eight subtypes of mGluRs
(mGluR1–8) have been cloned from rat brain tissues. Like ionotropic receptors, mGluR subtypes are
heterogeneous in their distribution, pharmacology, and connections with intracellular effectors.
According to their sequence homology, pharmacology, and intracellular responses to activation of the
mGluRs expressed in the Xenopus oocyte system, the eight subtypes are currently classified into three
functional groups (2). Activation of group I mGluRs (mGluR1/5) increases phosphoinositide (PI)
hydrolysis via stimulation of phospholipase C, resulting in the subsequent Ca2+ release from internal
stores and protein kinase C activation. Activation of group II (mGluR2/3) and group III
(mGluR4/6/7/8) mGluRs inhibits the adenyly1 cyclase and cAMP formation in an adenylate cyclase-
dependent fashion. The linkages to diverse intracellular effectors, such as cAMP and Ca2+, allow
mGluRs to be vigorously involved in the slower effects in intracellular and intranuclear compartments,
such as DNA transcription (gene expression), as opposed to rapid signal transmission in synapses
mediated by ionotropic glutamate receptors.

For decades, the striatum has been the focus of experimental animal studies on brain mechanisms
underlying behavioral properties of drugs of abuse. It was found that an increase in the release of
dopamine from mesolimbic and mesostriatal pathways initiates changes in locomotor behaviors fol-
lowing administration of the psychostimulants cocaine and amphetamine. Recent molecular studies
reveal that these dopamine stimulants induce gene expression in striatal medium-sized spiny neurons,
which project to the substantia nigra and pallidal area. Among inducible genes, the immediate early
genes (IEG), c-fos and zif/268, and the neuropeptide genes, preprodynorphin (PPD), substance P (SP),
and preproenkephalin (PPE), have been investigated most extensively. Alterations in these gene
expression are thought to participate in adaptive changes in cellular physiology (neuroplasticity)
related to behavioral responsiveness to subsequent drug exposures.

Although dopamine transmission has been documented as a prime mediator of inducible gene
expression in the striatum, increasing evidence suggests an equally important role of glutamate system
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in drug actions (3–5). The striatum is innervated with abundant glutamatergic projections from wide-
spread areas of the forebrain. MGluRs are densely expressed in the striatum both presynaptically and
postsynaptically. Available data from functional studies show that pharmacological and genetic manip-
ulations of mGluR activity alter local transmitter release and behaviors in normal and drug-treated ani-
mals (6). In particular, activation of mGluRs seems to be essential for amphetamine-stimulated striatal
gene expression (3). This indicates that the contribution of mGluRs to the development of neuroplas-
ticity is important for addictive action of psychostimulants. Thus, as a powerful modulator of psychos-
timulant effects, mGluRs are considered to be promising targets for the development of novel
therapeutic agents for neurologic disorders derived from abused drugs.

This chapter reviews, first, the role of mGluRs in the regulation of behavioral and particularly
genomic responses in striatal neurons to dopamine stimulation, following a summary of anatomical
organization of striatal mGluRs. The possible presynaptic and postsynaptic mechanisms that process
mGluR modulatory effects are then discussed in detail. Finally, a possible potential of mGluRs as tar-
gets for the development of therapeutic drugs for addiction treatment concludes this chapter.

2. ORGANIZATION OF mGluR GLUTAMATERGIC TRANSMISSION 
IN THE STRIATUM

The striatum represents one of the subcortical areas that is innervated with the highest density of
glutamatergic projections, using glutamate as a releasing transmitter (90). From widespread areas
of cerebral cortex and thalamus, glutamatergic afferents project to the dorsal striatum (caudoputa-
men). The areas that send glutamatergic projections to the ventral striatum (nucleus accumbens)
include the amygdala, thalamus, ventral subiculum, hippocampus, and prefrontal cortex. Extrinsic
glutamatergic terminals make asymmetrical (excitatory) synaptic contacts with intrinsic striatal
neurons, including medium-sized spiny projection neurons (striatonigral and striatopallidal neu-
rons) (7–10) and aspiny interneurons (GABAergic or cholinergic neurons) (11,12). Because the
projection neurons are also major synaptic targets of dopaminergic terminals from the midbrain
(13,14), functional activity of a single striatal projection neuron can be modulated postsynaptically
by both glutamate and dopamine inputs. Further evidence supporting this is that glutamatergic and
dopaminergic terminals are found to directly converge on the dendritic spines of the same striatal
output neurons (9,15). In sharp contrast to popular synapses between extrinsic terminals and intrin-
sic neurons, axoaxonic synapses between the two major incoming terminals are hardly visible
throughout the entire striatum (9,13,15–17). This restricts the possibility of presynaptic interactions
between glutamate and dopamine terminals in a classic synaptic fashion. However, effective inter-
actions between the two terminals can still take place through nontraditional synaptic contacts
(9,17). Through diffusion of the transmitter away from the synapse where it is released, dopamine
terminal function can be modified presynaptically by interaction of diffused glutamate with
extrasynaptic heteroreceptors, and vice versa.

Parallel with ample glutamatergic afferents, mGluRs are densely found in the striatum. Extensive
morphological studies have been conducted in recent years to define (1) presynaptic versus postsynap-
tic localization of mGluRs, (2) localization of mGluRs on specific phenotype of striatal neurons or
incoming terminals, (3) colocalization of mGluRs with other receptors of interest, and (4) subtype-
specific localization. Although the investigation of these issues is far from complete, final elucidation
of them is prerequisite to evaluate which subtype of mGluRs on which phenotype of intrinsic neurons
or extrinsic terminals is involved in which specific functional activity. Quantitative receptor autoradi-
ography reveals high levels of the mGluR-binding site in the striatal region (18). Because a lesion of
corticostriatal projections has a little effect on mGluR-binding quantity, 90% of mGluRs are thought
to locate on postsynaptic striatal neurons (19). Studies with in situ hybridization (20–23) and
immunocytochemistry (24–26) show the presence of mGluR1–5 and mGluR7 in rat striatal neurons
with high levels of mGluR3/5/7 and low to moderate levels of mGluR1/2/4 (23,27,28). mGluR1/3/5/7
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are colocalized with the vast majority (60–70%) of either striatonigral neurons or striatopallidal neu-
rons (29–32). Interestingly, there seemingly exists an mGluR1/5 segregation between two major pro-
jection neurons: MGluR1 is primarily present in striatonigral neurons, whereas mGluR5 is present in
striatopallidal neurons (29,31). mGluR2 is only expressed in a small population of large polygonal
neurons, likely cholinergic interneurons (23). With lesion or double-label immunohistochemistry with
presynaptic terminal markers, mGluR2/3/4/7, but not mGluR1/5, subtypes are present on incoming
glutamatergic and/or dopaminergic terminals (28,32–34). Although it is not yet conclusive, group I
mGluRs are considered predominantly postsynaptic, whereas group II/III mGluRs are primarily
presynaptic in the striatum.

3. REGULATION OF SPONTANEOUS AND DOPAMINE-DEPENDENT
MOTOR ACTIVITIES BY mGluRs

Studies on physiological roles of striatal mGluRs started with behavioral investigation. Unlike the
ionotropic glutamate receptor agonists that cause controversial effects on motor activity when injected
into the striatum, the mGluR agonists in early studies seem to consistently induce stimulation of spon-
taneous activity. Sucaan et al. (35,36) first reported in rats that acute injection of a nonsubtype-selec-
tive mGluR agonist, ACPD, into the unilateral dorsal striatum at a high dose range (500–2000 nmol)
caused rotation contralateral to the injection side. Similar findings were generally repeated afterward
in other laboratories (37–40). Because these behavioral changes are blocked by a nonsubtype-selective
mGluR antagonist, MCPG, but not by the ionotropic glutamate receptor antagonists, selective activa-
tion of mGluRs is believed to mediate the ACPD effect. Increased locomotion is also observed after
bilateral ACPD injection into the nucleus accumbens (41,42).

The recently developed subtype-specific agents with confirmed selectivity and effectiveness in vivo
(43) have greatly facilitated pharmacological studies to evaluate the subtype-specific role of mGluRs.
Several studies using these agents indicate that behavioral stimulation by ACPD is mediated via selec-
tive activation of group I, but not group II/III mGluRs. Infusion of a selective group I agonist, 3,5-
dihydroxyphenylglycine (DHPG), into either the dorsal or ventral striatum at moderate doses (20–80
nmol) induces hyperlocomotion and characteristic stereotypical behaviors (44,45). Such behavioral
responses are sensitive to a selective group I antagonist, N-pheny1-7-(hydroxyimino)cyclopropa [b]
chromen-1a-carboxamide (PHCCC), but not to a selective group II/III antagonist, (RS)-α-methylser-
ine-O-phosphate monopheny1 ester (MSOPPE) (44,45) or to the antagonists for NMDA and
kainate/AMPA receptors (46). Inhibition of intracellular Ca2+ release is also effective in blocking
behavior induced by DHPG (45). In contrast to stimulative effects of DHPG, intrastriatal infusion of a
selective group II agonist, (2S,2′R,3′R)-2-(2′,3′-dicarboxycyclopropy1) glycine (DCG-IV), or a selec-
tive group III agonist, L- 2-amino-4-phosphonobutyrate (L-AP4), caused no change in motor activity
or sedation (44,47,48).

Although dopamine receptors (both D1 and D2) have been thought to be directly responsible for
behavioral stimulation induced by dopamine stimulants, several studies in recent years implicate
mGluRs in the modulation of acute cocaine-and amphetamine-stimulated motor behaviors in a sub-
type-specific fashion. Activation or blockade of group I mGluRs seems to have a minimal effect on
acute amphetamine-stimulated behaviors (Zhou and Wang, unpublished observations). Thus, even
though the group I agonist itself causes motor stimulation, dopamine stimulants and the group I
agonist are believed to induce acute motor stimulation via different mechanisms. The group II ago-
nists show different effects on amphetamine action in the two reports. Schoepp’s group did not
observe significant effects of subcutaneous injection of the systemically active group II agonists,
LY354740 and LY379268, on amphetamine-evoked motor activity (49). In contrast, we (47) found a
significant attenuation of amphetamine-stimulated behavior following injection of the group II agonist
DCG-IV directly into the dorsal striatum, similar to the result seen after MCPG injection into the
nucleus accumbens (50). The differences in results among the above studies are likely due to different
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experimental conditions and agonists employed. Especially, systemically administered LY com-
pounds have a widespread influence on all centrally located group II receptors, and, as a result, the
final outcome of motor activity may not reflect as a change caused by selective activation of group II
receptors in the striatum. Intracaudate injection of a group III agonist (L-AP4) also blocked hyper-
locomotion induced by cocaine, amphetamine, or apomorphine (48). The behavioral activity induced
by cocaine was much more sensitive to L-AP4 than that induced by amphetamine or apomorphine. At
100 nmol, L-AP4 completely blocked cocaine effect, whereas amphetamine- and apomorphine-stimu-
lated behaviors were blocked only by 28% and 31%, respectively. The different susceptibility of these
stimulants to L-AP4 blockade may be related to their different terminal characteristics resulting in the
enhancement of dopamine release. Cocaine increases extracellular dopamine levels by blocking the
dopamine transporter (51). Therefore, when dopamine release is inhibited by L-AP4 (52,53), the
capacity of cocaine to increase extracellular dopamine is diminished. Unlike cocaine, amphetamine
increases extracellular dopamine concentrations primarily through a direct stimulation of dopamine
release from terminals in a Ca2+-independent fashion (54). Thus, L-AP4 that affects cAMP pathway
may have limited effects on the Ca2+-independent dopamine release induced by amphetamine (53,55).

In addition to the regulation of acute motor stimulation, mGluRs might be involved in the regula-
tion of behavioral sensitization to repeated stimulant exposure. Based on the linkages to multiple sec-
ond-messenger systems and prominent roles in modifying long-lasting neuroadaptive activities,
mGluRs are particularly possible to regulate neuronal sensitization. Indeed, one report found that
MCPG injected into the ventral tegmental area blocks the induction of amphetamine sensitization (56).
Most recently, an increase in mGluR1 and a decrease in mGluR5 mRNA levels are found in the stria-
tum of rats that developed behavioral sensitization to repeated administration of amphetamine (57).
The altered gene expression may substrate changes in receptor functions important for initiation and/or
expression of sensitization. Apparently, the study on the roles of mGluR in processing chronic drugs
effects (sensitization, dependence, rewarding effects, self-administration, addiction, etc.) is still at its
infant stage and remains as a promising avenue for future elucidation of receptor mechanisms underly-
ing drug abuse.

4. REGULATION OF CONSTITUTIVE STRIATAL GENE EXPRESSION 
BY mGluRs

A particularly interesting role that mGluRs may play in regulating the overall neuronal function is
the modulation of intracellular metabotropic activity, such as gene expression. Bridged by multiple
second-messenger systems, mGluR stimulation may modulate transcription rate of target DNAs, a bio-
chemical process called stimulus-transcription coupling. The genomic responses to mGluR stimula-
tion can serve as an integral component of the molecular/cellular mechanisms underlying neuronal
plasticity. Thus, investigation of mGluR regulation of gene expression may provide valuable insight
into the formation of striatal neuroplasticity related to addictive properties of drugs.

Immediate early genes (IEGs) have been prime targets during the last decade in exploring receptor-
mediated gene expression because they are readily inducible in response to various physiological and
pharmacological stimuli (58). The first experiment that investigated mGluRs regulation of striatal IEG
expression was carried out in primary cultures of rat striatal neurons (59). In that study, enhancement
of mGluR activity by ACPD perfusion elevated basal levels of IEG c-fos mRNA, indicating a positive
linkage between mGluRs and constitutive c-fos gene expression. A recent study performed in vivo
established an excellent similarity (60). Striatal mGluRs stimulation by local ACPD injection elevates
c-fos as well as another IEG zif/268 mRNA expression in the rat striatum, which is sensitive to MCPG,
but not to the antagonists for NMDA (CPP) or dopamine D1 receptors (SCH-23390). This confirms an
existence of positive stimulus-transcription coupling between mGluRs and IEG expression in striatal
neurons in vivo.
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One of the most noticeable IEG roles in mature neurons is to exercise as a third messenger in the
stimulus-transcription cascade to initiate the so-called late-response gene expression (61). In this sce-
nario, IEGs are rapidly induced via their own stimulus-transcription coupling mechanisms. Induced
IEGs, in turn, function as powerful transcription factors to regulate expression of many other genes,
which usually last longer and more directly contribute to long-lasting alterations in cellular physiology.

Indeed, acute injection of ACPD into the dorsal striatum dose-dependently elevates striatonigral
PPD/SP and striatopallidal PPE mRNA levels in the rat striatum (62). The increase in opioid peptide
mRNA expression is blocked by MCPG. Thus, striatal opioid peptide expression, like the two IEG
inductions, is also positively linked to mGluR activation. Moreover, compared to rapid and transient
induction of c-fos and zif/268 expression, which usually peaks 1 h and recovers 3 h after mGluR stim-
ulation (60), neuropeptide induction shows a more delayed and prolonged dynamic pattern, as it is evi-
dent at 2 or 3 h, and lasts more than 10 h, after ACPD injection (62). The temporal pattern of IEG and
opioid induction appears to indicate that the early induced IEG transcription factors trigger, although
may not maintain, the subsequent opioid induction. In support of this, intracaudate injection of c-fos
antisense oligonucleotides, which knocks down Fos protein quantity, reduces dynorphinlike
immunoreactivity induced by dopamine stimulation (63).

The regulation of neuropeptide mRNA expression by mGluRs is also subgroup-specific. For
example, DHPG is more potent than ACPD in inducing PPD, SP, and PPE mRNA expression in the
striatum (64). Moreover, the group I antagonist PHCCC, which alone has no effect on the expression
of three mRNA levels, attenuates DHPG-stimulated PPD, PPE, and, to a lesser extent, SP expres-
sion. Thus, a positive glutamatergic tone seems to exist on the group I mGluRs, which facilitates
neuropeptide gene expression, although it is not tonically active. In contrast to group I receptors,
group II/III receptors may be negatively linked to gene expression. However, this notion remains to
be proven experimentally.

Presynaptic and postsynaptic mechanisms underlying DHPG stimulation of gene expression are not
well understood with limited data so far obtained from a rather complex in vivo animal model. It is first
assumed that exogenous DHPG directly stimulates the group I mGluRs on the projection neurons
because this group of mGluRs seems to be deliberately arranged as postsynaptic receptors in striatal
region (65). In support of this, ACPD and DHPG increase PPD/PPE mRNA expression in dissociated
striatal neurons cultured from rat embryos or neonatal rat pups (66). Alternatively, DHPG could presy-
naptically alter transmitter release, which, in turn, stimulates striatal gene expression. Infusion of
ACPD, usually at high concentrations (millimolar range), increases extracellular levels of dopamine
(67–70). The increase in dopamine release seems due to activation of group I, but not group II/III,
mGluRs because DHPG increases, whereas DCG-IV and L-AP4 decrease, extracellular levels of stri-
atal dopamine (52,53,71). However, dopamine D1 receptor blockade does not affect DHPG-stimulated
behaviors (45) or ACPD-stimulated IEG expression (60). Thus, dopamine release, if there is any, is not
a critical component for orchestrating DHPG-induced gene expression.

In addition to dopamine, altered glutamate release could be another presynaptic element contribut-
ing to DHPG-induced gene expression. Infusion of ACPD at high concentrations or the group I ago-
nists facilitates striatal glutamate release in conscious or anesthetized rats (72–74). The group II/III
agonists, on the other hand, suppress glutamate release (75,76). It is possible that DHPG increases glu-
tamate release that, in turn, interacts with postsynaptic group I mGluRs to alter gene expression. Addi-
tionally, the released glutamate can activate ionotropic glutamate receptors to regulate gene
expression. However, in the recent attempts to evaluate the relative importance of ionotropic receptors
in this scenario, we found that the NMDA and kainate/AMPA antagonists are ineffective to alter
DHPG stimulation of motor activity (46) and gene expression (60). This argues against the participa-
tion of ionotropic glutamate receptors in the DHPG effects.

Intracellularly, activation of group I mGluRs increases the PI hydrolysis, which gives rise to diacyl-
glycerol and inositol 1,4,5-trisphosphate, as illustrated in Fig. 1. The former activates protein kinase C
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(PKC), whereas the latter release Ca2+ into the cytoplasm from intracellular Ca2+ stores. The elevated
Ca2+ activates Ca2+/calmodulin-dependent protein kinase II (CaMKII), which, in turn, phosphorylates
the transcription factor, cAMP response element-binding protein (CREB). The phosphorylated CREB
after dimerizing with CREB-binding protein (CBP) eventually triggers target DNA transcription by
interacting with the specific site in the promoter region of DNAs in a sequence-specific manner.

Fig. 1. Schematic illustration of the roles of mGluRs subtypes in the regulation of gene expression related to
neuronal plasticity. Postsynaptically, group I receptors enhance intracellular Ca2+ levels via the release of Ca2+

from the intracellular store, as opposed to Ca2+ influx through voltage-operated Ca2+ channels (VOCC) or
ionotropic glutamate receptors (iGluR) that are Ca2+ permeable—in particular, NMDA receptors. Signal Ca2+

facilitates gene expression through activation of Ca2+/calmodulin-dependent protein kinase II (CaMKII). Alterna-
tively, group I receptors would facilitate gene expression via the diacylglycerol (DAG)/protein kinase C (PKC)
pathway. Group II/III receptors, in contrast, suppress gene expression by inhibiting the cAMP/protein kinase A
(PKA) pathway, the well-known pathway to induce gene expression in response to D1 dopamine receptor stimula-
tion. Presynaptically, group I receptors augment glutamate (Glu) release, whereas group II/III receptors inhibit glu-
tamate release, through which mGluRs can indirectly regulate gene expression in postsynaptic striatal neurons.
AC, adenylyl cyclase; CBP, CREB-binding protein; CREB, cAMP response element-binding protein; G, G-pro-
tein; IP3, inositol 1,4,5-triphosphate; PI, phosphoinositide; PLC, phospholipase C.
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Hence, Ca2+–CaMKII–CREB–CBP forms an effective cascade to transmit the Ca2+ signal into the
gene expression (77,78). Activation of group I mGluRs could also stimulate gene expression through
the diacylglycerol-dependent PKC pathway. MGluR stimulation in cultured striatal neurons causes a
translocation of PKC from a cytoplasmic (soluble) form, prevalent under resting conditions, to a mem-
brane-bound form, a mode of activated PKC (79), and concomitant IEG induction, which is sensitive
to PKC inhibitors (59).

5. REGULATION OF DOPAMINE-DEPENDENT STRIATAL GENE
EXPRESSION BY mGluRs

Cocaine and amphetamine stimulate striatal gene expression via a well-known D1/cAMP/PKA
pathway. This pathway may crosstalk with the group I mGluR-associated Ca2+/CaMKII pathway to
produce effective stimulation on gene expression. Coexpression of group I mGluRs and D1 dopamine
receptors on the same striatal neurons (65) provides anatomical basis for the crosstalks. One study in
rats found that the pharmacological blockade of mGluRs with MCPG attenuates acute amphetamine-
stimulated PPD and PPE mRNA expression (80), indicating an mGluR dependency of dopamine-stim-
ulated gene expression. The group I mGluRs may be responsible for this dependency because the
group I agonist mimics the stimulative effects of amphetamine on PPD/PPE expression (see above). In
mutant mice deficient in mGluR1 subtype, acute amphetamine produces significantly less PPD, but not
SP, mRNA induction as compared to that in the wild-type mice (81). Thus, mGluR1 regulation of
dopamine-dependent gene expression is specific to PPD. This specific regulation seems to closely echo
the anatomical observation showing segregative expression of mGluR1 in PPD-containing striatoni-
gral neurons (29). It is currently unclear whether mGluR5 that is primarily expressed by PPE-contain-
ing neurons can preferentially regulate PPE expression, a goal of our future study with mGluR5
knockout mice. In addition, the notable finding that group I mGluRs participate in gene induction, but
not in motor stimulation (see above), in response to acute administration of amphetamine implies a
preferential involvement of this group of mGluRs in the regulation of stimulated intracellular activity
(gene induction). Thus, group I mGluRs can be considered as prime receptors important for gene
expression-related neuroplasticity.

Little is known, at present, about the roles of group II/III mGluRs in the regulation of dopamine-
dependent gene expression. Through the inhibition of adenylyl cyclase, group II/III receptors are
expected to confine excitatory responses of the cAMP/PKA pathway to D1 stimulation and thus limit
dopamine-stimulated gene expression. However, no attempt has been made to detect this issue, even
though this issue is obvious important for evaluation of potential clinical use of group II/III agents for
the treatment of drug addiction.

Overall, studies concerning the mGluRs regulation of constitutive and dopamine-stimulated gene
expression in striatal neurons are limited so far. Among numerous genes that could be inducible by stim-
ulants, only two sets of genes (i.e., IEGs and opioid peptides) have been investigated in relation to
mGluRs’ activity. As to the significance of these gene activities in mediating long-term drug effects,
induced IEGs are probably involved in the facilitation of late-response genes, such as the opioid genes,
as described above. Opioid peptide induction may be more directly involved in resetting the responsive-
ness of striatal neurons to subsequent stimulant administration. It has been suggested that induced
dynorphin suppresses, whereas induced enkephalin facilitates, repeated drug actions. This is supported
by data from extensive behavioral studies showing that the dynorphin (κ) receptor agonists and enkephalin
(δ) receptor antagonists attenuate, whereas the κ antagonists and δ agonists augment, chronic behavioral
activities (sensitization, reinforcement, rewarding effects, discriminative stimulus effects, etc.) induced
by cocaine, amphetamine, or morphine (82–84). Overexpression of CREB and thus dynorphin in the
nucleus accumbens decreases the rewarding behavior of cocaine (85). These data support the notion that
mGluR1-sensitive dynorphin gene induction contributes to inhibition, whereas mGluR5-sensitive
enkephalin gene induction, contributes to facilitation, of chronic drug actions (Fig. 2). Besides opioid
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genes, more studies are needed to explore the regulation of other potential gene expression in the fore-
brain by mGluRs, especially by group II/III receptors, following acute as well as chronic drug adminis-
tration. Taken together, inducible genes can be tentatively grouped into two sets of genes, i.e., genes
responsible for inhibition and facilitation of chronic drug actions (Fig. 2). Elucidation of these gene
activities and their relationship to mGluRs in response to drug administration will provide invaluable
information for therapeutic agent development by targeting at mGluRs.

6. MGluRs AS THERAPEUTIC TARGETS

mGluRs have been proposed to be novel targets for the development of therapeutic drugs for a
variety of neurologic disorders, such as epilepsy, ischemia, and several types of neurodegenerative
diseases (86,87). With regard to the neuropsychiatric disorders stemming from substance abuse,
mGluRs can also be worthwhile targets. Because current research has clearly indicated that mGluRs
play an integral role in regulating striatal neuron functions and, especially, gene expression in the
presence of various abused substances (alcohol, morphine, nicotine, and psychostimulants), develop-
ment of agents that interact with mGluRs could provide novel therapeutic tools for drug-related ill-
nesses. For example, mGluR5 participates in the mediation of drug-induced gene expression that
tends to facilitate chronic drug action. The development of agents that selectively block mGluR5 and
thus facilitatory gene induction can then have a potential to abate chronic effects of drugs. On the
other hand, mGluR1 mediates the induction of a different set of genes that tend to inhibit chronic
drug action. Therefore, agents that increase mGluR1 activity can achieve a same effect as mGluR5
blockers in preventing drug abuse. Similarly, agents that can modify group II/III receptor activity can

Fig. 2. Schematic illustration of the proposed roles of mGluRs in the regulation of PPD and PPE gene expres-
sion in striatal neurons induced by psychostimulants, cocaine, and amphetamine. MGluR1 and mGluR5 distinc-
tively contribute to gene induction responsible for inhibition and facilitation of drug action, respectively. The
importance of other mGluR subtypes in the regulation of inducible gene expression remains to be determined
experimentally.
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also be considered when the roles of these subtypes in the regulation of gene induction are investi-
gated thoroughly. In addition to their roles in gene expression, mGluRs are also known to be power-
ful presynaptic modulators for drug-stimulated dopamine and glutamate release. The modulation is
subgroup-specific, as the group I agonists facilitate, whereas the group II/III agonists suppress, the
stimulated release of dopamine and glutamate. Therefore, agents that act presynaptically to modify
mGluR subgroup activity can be designed to control the harmful excessive release of dopamine
and/or glutamate. Ideally, agents that inhibit presynaptic group I and activate group II/III mGluRs
(group I antagonist with group II/III agonist activity) can be developed to maximally limit stimulated
dopamine/glutamate release. There are clear advantages to target mGluRs rather than ionotropic glu-
tamate receptors for the sake of medication. MGluRs, as the modulatory receptors in nature, have lit-
tle impact on fast synaptic signal transmission. This is probably due to that mGluRs localize at the
periphery of the postsynaptic membrane as opposed to the “core” localization of ionotropic receptors
in the synapse (88,89). Thus, mGluR agents should have minimal impact on normal synaptic func-
tion, which assures them that no general depression or cognitive side effects usually associated with
the therapeutic use of the ionotropic glutamate receptor antagonists, especially in chronic therapy,
will occur. Additionally, mGluR-targeted drugs should have no major peripheral adverse effects
because mGluRs are not present in target organs of the autonomic nervous system. Along with rapid
progresses in improving brain-blood barrier penetration, subtype specificity, and other in vivo prop-
erties, mGluR agents would be expected to offer significant usefulness in clinical treatment of the
disorders relevant to drugs of abuse in the future.

In summary, as an important element of glutamatergic transmission enriched in striatal structure,
mGluR activity is linked to many aspects of drug actions. Initial studies reveal that mGluRs effectively
modify the typical motor behaviors and transmitter release induced by cocaine or amphetamine.
Recent experiments demonstrate an mGluR-sensitive stimulus-transcription coupling in the regulation
of IEG and neuropeptide gene expression under normal and drug-treated conditions. The regulation of
drug actions by mGluRs is subtype-specific. Usually, a dual modulation of motor activity, transmitter
release, and gene expression exists in response to drug administration, depending on the mGluR sub-
type involved. MGluR involvement in drug actions suggests a novel avenue to develop effective thera-
peutic agents for drug-abuse treatment by targeting at mGluRs. Because nuclear gene expression lies
in heart of signal transduction, the development of small molecules that affect gene expression via
influencing activities of mGluRs and associative signal transduction pathways represents a novel gene
therapy approach to a variety of neurologic disorders induced by abused drugs.
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Glutamate Neurotransmission in the Course 

of Cocaine Addiction

Luigi Pulvirenti, MD

1. NEURAL SUBSTRATES OF COCAINE ABUSE

A critical issue for the understanding of drug dependence is what neurochemical changes occur
during the various phases of the course of addiction. Psychostimulant dependence has been a major
focus of investigation, especially following the cocaine epidemic of the 1980s. Despite early miscon-
ceptions that considered cocaine as a recreational drug devoid of abuse and addictive potential, the
recent cocaine epidemic has revealed the harmful consequences of cocaine use and its high abuse lia-
bility. Therefore, much experimental attention has been devoted over the past two decades to the
search for the neural substrates responsible for cocaine abuse.

With the use of experimental models of intravenous drug self-administration, it has become clear
that cocaine and other psychostimulant drugs such as amphetamine are readily self-administered by
various species of laboratory animals (1). The acute reinforcing properties of psychostimulant drugs
appear to depend on dopamine neurotransmission within areas of the limbic forebrain (2–4). In par-
ticular, the nucleus accumbens of the ventral striatum seems a critical structure for the maintenance
of cocaine self-administration. The nucleus accumbens is the main projection area of the dopamine
neurons originating within the mesencephalic ventral tegmental area (A10) and is critically involved
in motivated behavior (5,6). Neurochemical studies have shown that dopamine outflow in the
nucleus accumbens is increased after administration of cocaine (7), and an increase in nucleus
accumbens dopamine concentration was shown in rats self-administering cocaine by microdialysis
studies (8–10). Furthermore, behavioral evidence suggests that lesions of the dopamine terminals
within the nucleus accumbens extinguished cocaine self-administration (11), and competitive antag-
onism at the dopamine receptor site within the same region reduced the reinforcing properties of
cocaine (12).

Understanding the neurochemical determinants underlying the acute reinforcing properties of
cocaine still leaves several unanswered questions regarding the intimate mechanisms leading to the
development of the full cocaine dependence syndrome. The natural history of drug dependence con-
sists of different phases (13). Although the positive reinforcing effects of cocaine as well as of other
abused drugs are likely to represent critical factors in the initiation of drug self-administration (14),
during this phase important neurochemical events are thought to occur within critical brain sites to
contribute to the increased motivation to seek drugs that characterizes compulsive use (13).

Indeed, with more prolonged drug exposure, the period of acquisition of drug intake in rats self-
administering cocaine intravenously is followed by a period of maintenance of a relatively low and sta-
ble level of intake or by escalation to higher levels of intake (15). This seems to depend on the duration
of daily access to drug self-administration (15). This transition from moderate to excessive drug intake
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is particularly significant because it is considered the first step leading to the loss of control, which
represents the cardinal feature of the addictive process.

In addition to the issue of uncontrollable use, relapse into drug-seeking behavior following a period
of abstinence has recently received much dedicated attention because it is believed to represent one of
the major factors leading to the perpetuation of the addictive cycle. In this respect, extinction proce-
dures provide a measure of the motivational properties of drugs as reflected by the persistence of drug-
seeking behavior in the absence of the drug. However, extinction procedures also provide a powerful
means of assessing the incentive-motivational properties of drug-paired stimuli or noncontingent drug
administration in reinstating responding (16,17).

The long-lasting adaptive changes occurring in response to drug exposure are therefore thought to
play a key role in the addictive cycle and they may represent the basis for clinically relevant phenom-
ena, including drug craving and conditioned reinforcement. The intimate neurobiological mechanisms
underlying such forms of neuroadaptation within critical neural sites remain obscure. However, there
is now such evidence suggesting that neurochemical effectors other than dopamine may play a critical
role, and a growing body of evidence accumulated over the last few years has indicated that excitatory
amino acids may be relevant in this respect.

2. GLUTAMATE NEUROTRANSMISSION AND THE LIMBIC SYSTEM

Excitatory amino acids represent the main excitatory neurotransmitters within the mammalian cen-
tral nervous system and exert their effects through the interaction with ionotropic receptors of the N-
methyl-D-aspartate (NMDA) and non-NMDA type and metabotropic receptors. In addition, glutamate
also stimulates the synthesis of the diffusible messenger nitric oxide (NO). Through activation of
NMDA receptors, glutamate promotes the influx of calcium into the postsynaptic neuron. In turn,
binding to calmodulin stimulates the activity of nitric oxide synthase (18). Nitric oxide is a gaseous
neurotransmitter that acts as a retrograde messenger and affects the release of various neurotransmit-
ters through increases in cyclic GMP (18). Therefore, NO acts as an important intracellular effector of
excitatory amino acid neurotransmission through NMDA receptors.

The nucleus accumbens is functionally linked to a number of structures within the limbic system
and is part of a ventrotegmental–accumbens–pallidal circuit that seems to be critically involved in
drug-seeking behavior (19). In addition to the dopamine-containing projections originating from the
ventral tegmental area, the nucleus accumbens also receives primary neuronal afferents from allocorti-
cal areas such as the amygdaloid complex and the hippocampal formation as well as from the frontal
and prelimbic cortexes (20). These fibers use excitatory amino acids as neurotransmitters (21).
Ultrustructural studies revealed that, within the nucleus accumbens, these fibers form both presynaptic
contact with tyrosine hydroxylase-containing terminals of the axons of A10 neurons and postsynaptic
contacts onto medium spiny output neurons of the nucleus accumbens. The latter also receive conver-
gent input from the A10 region (22). In addition, electrophysiological studies suggest that nucleus
accumbens neurons are mostly quiescent under normal conditions, and allocortical afferents are
thought to play a major role in driving their activity (23,24). Glutamate inputs from the hippocampus
appear to be responsible for the induction of a depolarized state of nucleus accumbens neurons from
which an action potential is thought to be generated when these neurons are excited by convergent glu-
tamate inputs from the prefrontal cortex (25). Thus, there is substantial anatomical and electrophysio-
logical evidence to suggest that excitatory amino acid neurotransmission may modulate the integrated
function of the nucleus accumbens, possibly through an interaction with dopamine.

Excitatory amino acid-containing fibers also interconnect other areas of the mesolimbic system.
The prefrontal cortex, for example, in addition to sending glutamate fibers to the nucleus accum-
bens, also provides dense innervation of the ventral tegmental area (26). In contrast, the ventral
subiculum of the hippocampus sends a vast contingent of fibers to the nucleus accumbens, but not
to the ventral tegmental area (20,22). Finally, the excitatory efferent fibers of the amygdala to the
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nucleus accumbens originate mainly within the basolateral nucleus, whereas the central nucleus
projects to the ventrotegmental area (27,28).

In vitro studies have provided much evidence regarding the modulation of the dopamine system by
excitatory amino acids. Electrophysiological evidence indicates that glutamate induces a current-
dependent increase of firing of quiescent nucleus accumbens neurons (24). Activation of non-NMDA
receptors appear particularly important in this respect and activation of NMDA receptors seem to
come into play after neurons have been primed with activation of other receptors (24). This observa-
tion has prompted speculation that the stimulation of NMDA receptor function in the nucleus accum-
bens might gain particular significance during periods of behaviorally relevant neural inputs, probably
of limbic origin. Activation of metabotropic receptors within the nucleus accumbens, in contrast, does
not appear to modify the activity of nucleus accumbens neurons, but it reduced the excitation induced
by glutamate acting at the level of ionotropic receptors (24). Anatomical distribution of metabotropic
receptors and the pharmacological profile of ACPD (29,30) suggests that group I/group II
metabotropic receptors might be more relevant for these effects playing a potential role of feedback
mechanism (24).

The dopamine-releasing activity of excitatory amino acids has been confirmed in freely moving
animals with microdialysis, and it has been shown that both NMDA and non-NMDA receptors may
play a role (31,32). However, a reduction of extracellular dopamine in the nucleus accumbens follow-
ing local application of glutamate agonists has also been reported (33). The hippocampus appears to
play a major role in the modulation of dopamine function within the ventral striatum. For example,
chemical and electrical stimulation of the ventral subiculum of the hippocampus increased dopamine
levels in the nucleus accumbens, an effect that appears to be mediated by glutamate receptors within
the ventral striatum (34) or, indirectly, via a subiculum–accumbens–ventral tegmental area indirect
pathway (35,36). These observations are also in agreement with the findings that activation of both
NMDA and non-NMDA receptors within the ventral tegmental area appears to stimulate the firing rate
of midbrain dopamine neurons (37,38). Much evidence from various research lines suggests that this
phenomenon may be relevant for psychostimulant sensitization (for a review, see ref. 39).

Finally, the increase of extracellular dopamine content in the nucleus accumbens produced by sys-
temic administration of cocaine has been shown to be reduced by local infusion of both the NMDA
receptors antagonist AP-5 and the non-NMDA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) (40). However, the interaction between dopamine and excitatory amino acids appear to
be complex because, in untreated animals, local infusion of NMDA antagonists has been shown to
increase dopamine release (41). It is also noteworthy that increasing endogenous extracellular gluta-
mate concentrations through local microinfusion of the selective glutamate reuptake inhibitor
transpyrrolidine-2,4-dicarboxylic acid (PDC) produced an increase of dopamine release in the rat
striatum (42) and an increase in locomotor activity has been reported after microinfusion of PDC
within the core of the nucleus accumbens (43). Investigation using in vivo microdialysis has also
shown that activation of dopamine receptors with amphetamine or the direct dopamine agonists SKF
38393 and quinpirole increased the amount of extracellular glutamate within the nucleus accumbens
(44) and cocaine and amphetamine appear to preferentially stimulate glutamate release in the nucleus
accumbens (45). However, the functional relevance of the increase of extracellular glutamate concen-
tration after administration of psychostimulant drugs awaits further investigation.

3. GLUTAMATE NEUROTRANSMISSION AND COCAINE ABUSE

From a functional standpoint, excitatory amino acid neurotransmission within the limbic system
appears to play an important role in the modulation of various behavioral consequences of exposure
to psychostimulant drugs. Earlier studies had proposed a behavioral stimulatory role for excitatory
amino acids in the nucleus accumbens on the basis of the increase in locomotor activity produced by
local infusion of glutamate agonists, an effect accompanied by an increase in dopamine turnover
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(46,47). Also, the locomotor hyperactivity produced by intranucleus accumbens infusion of gluta-
mate agonists was blocked by a dopamine receptor antagonist (46), suggesting that pharmacological
activation of nucleus accumbens excitatory amino acid receptors produced psychomotor stimulation,
probably by facilitating dopamine neurotransmission at the same site, in accordance with neuro-
chemical findings (31,32).

To investigate more closely the physiological significance of these observations, the reinforcing and
locomotor-activating effects of psychostimulant drugs were tested after temporary reduction of
nucleus accumbens excitatory amino acid neurotransmission obtained through local infusion of gluta-
mate receptor antagonists. Microinfusion of both NMDA and non-NMDA receptor antagonists within
the nucleus accumbens reduced the expression of the acute psychomotor-activating properties of
cocaine and amphetamine administered systemically or amphetamine and dopamine infused into the
nucleus accumbens (48–50) as well as novelty-induced locomotion in rats (51,52). These findings sug-
gest that intact glutamate neurotransmission within the nucleus accumbens may be essential for the
full expression of the acute locomotor-activating properties of psychostimulant drugs (53). Similarly,
earlier studies pointed toward a tonic “permissive” role of excitatory amino acid in the expression of
the acute reinforcing properties of cocaine. In fact, microinfusion of AP-5 within the core of the
nucleus accumbens reduced the interreinforcement interval of cocaine self-administered intravenously
by rats (54).

Anatomically, two subregions of the nucleus accumbens, the core and the shell, have recently been
characterized on the basis of histochemical differences and separate neural connections. Investigation
of the dopamine system within the core and the shell at the neurochemical and behavioral levels has
revealed important differences (for a review, see ref. 55). The modulation of the nucleus accumbens
function within the core and shell also appears to be differentially modulated by glutamate receptors.
Local blockade of NMDA receptors within the nucleus accumbens core significantly reduced cocaine-
induced locomotor activity while leaving spontaneous locomotion unaffected. In contrast, the block-
ade of NMDA receptors within the nucleus accumbens shell did not significantly modify
cocaine-induced locomotor activity but increased spontaneous locomotion (56). This finding is also in
accordance with previous observations indicating that intranucleus accumbens infusion of the gluta-
mate receptor agonists NMDA and AMPA or the glutamate receptor antagonists CNQX and AP-5 all
increased spontaneous locomotion. By comparison, the microinfusion of both antagonists decreased
amphetamine-induced locomotor activity (57), although no differentiation was made in that study
regarding core/shell infusions. These findings are in accordance with the observation that activity of
nucleus accumbens neurons is associated with a high level of cortical arousal (58) and, therefore, it is
likely that glutamate receptors may play a more substantial role in the regulation of nucleus accum-
bens neurons during periods of behaviorally relevant neural inputs of limbic origin.

The regulation of the integrated function of the nucleus accumbens by glutamate neurotransmission
is therefore likely to depend on (1) the behavioral state of the organism and (2) the specific substruc-
ture where glutamate acts within the nucleus accumbens. The relative strength of each of these compo-
nents is likely to determine the behavioral outcome achieved by increased or decreased excitatory
amino acid neurotransmission within this structure.

Within the context of cocaine addiction, much evidence has been accumulated that antagonism of
glutamate receptors affects various measures of cocaine self-administration. Support for the role of
nucleus accumbens NMDA receptors in reinforcement comes from studies showing that the noncom-
petitive NMDA receptor antagonists dizocilpine (MK-801), phencyclidine, and the competitive NMDA
receptor antagonist 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP) support intracranial
self-administration within the frontal cortex and the shell of the nucleus accumbens of the rat (59). The
fact that microinfusion of the NMDA receptor antagonist AP-5 within the core of the nucleus accum-
bens appeared to reduce the interreinforcement interval of cocaine self-administration in a fixed ratio
schedule (54) suggests the possibility that a dissociation between the core and the shell of the nucleus
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accumbens may exist with regard to the modulation of reinforcement, as it appears to exist with regard
to the modulation of spontaneous and cocaine-induced locomotor activity (56).

Systemic pretreatment with dizocilpine within the dose range of 0.1–0.15 mg/kg, reduced respond-
ing for cocaine self-administration in a fixed ratio schedule (60), increased the breaking point of pro-
gressive ratio responding for cocaine (61), and failed to reinstate cocaine-seeking behavior after
extinction (62). In contrast, within the dose range of 0.2–0.3 mg/kg, dizocilpine decreased responding
for cocaine maintained both on a fixed ratio and on a progressive ratio schedule and reinstated cocaine-
seeking behavior following extinction (60–62) Therefore it has been suggested that dizocilpine’s abil-
ity to enhance the reinforcing effects of cocaine may lie within a narrow dose range on an inverted-U
function and suggests that discrepancies in the outcome of dizocilpine’s effects in the literature may
result from using different doses in differently sensitive paradigms (61). Dizocilpine has also been
reported to produce variable effects on dopamine release (60,63,64).

In a series of electrophysiological studies, French and co-workers (65–69) have shown that
dizocilpine and phencycline are potent activators of ventral tegmental area A 10 neurons and this effect
is not shared and is even blocked by competitive NMDA antagonists. More recent results have also
shown that centrally acting competitive NMDA receptor antagonists, including CGS 19755, signifi-
cantly modified the firing pattern of dopamine neurons, reducing the incidence and intensity of burst
firing (70). These observatons suggest that competitive and non-competitive NMDA receptor antago-
nists may produce different effects on mesolimbic dopamine neurotransmission.

Altogether the use of dizocilpine as well as phencyclidine has provided valuable initial relevant
information that have prompted much research on the role of excitatory amino acids on drug addiction
and sensitization. However, the steepness of the dose-response curve produced by dizocilpine is asso-
ciated with profound and bizarre behavioral effects, including motor impairment and ataxia, which
have been reported at the dose of 0.25 mg/kg (63,71). In addition, the peculiar stimulating effects of
dizocilpine on the firing of mesolimbic dopamine neurons are not shared with and are even reversed by
other NMDA antagonists. These observations, together with the lack of potential for clinical applica-
tion of dizocilpine, have prompted call for caution (63) in the interpretation of the effects produced by
dizocilpine in the context of the investigation for the physiological role of NMDA neurotransmission.

Recently, a comparative investigation of the effects of systemically administered site-specific
NMDA receptor antagonists has examined the effects produced by competitive and noncompetitive
NMDA antagonists (72) in rats self-administering cocaine. The noncompetitive NMDA antagonist
memantine was found to reduce responding for cocaine on a fixed-ratio schedule and produce a sizable
(although reportedly nonsignificant) reduction of the breaking point in a progressive-ratio schedule. In
addition, the competitive NMDA receptor antagonist CGP 39551 and the NMDA/glycine recognition-
site antagonist L-701,324 did not modify responding for cocaine self-administration on a fixed-ratio
schedule (72).

These results are similar to those obtained with the noncompetitive NMDA antagonist dex-
tromethorphan (73). Dextromethorphan is a widely used antitussive agent that has been shown to act
within the central nervous system as a noncompetitive antagonist at the NMDA receptor complex. In
rats trained to self-administer cocaine, dextromethorphan reduced the maintenance of cocaine self-
administration and significantly reduced the maximum number of responses performed by rats to
obtain a dose of cocaine in a progressive-ratio schedule (“breaking point”) The effects produced by
dextromethorphan are similar to those produced by memantine, another noncompetitive NMDA antag-
onist (72) and suggest that these drugs may effectively modulate cocaine self-administration by sup-
pressing the motivational strength to obtain the drug.

Comparatively less experimental evidence is available on the role of non-NMDA receptors in ani-
mals self-administering cocaine. The non-NMDA receptor antagonist DNQX reduced lever pressing
for cocaine self-administration, but the effects appeared to be the result of general suppression of
operant behavior because responding for food reinforcement was also reduced by DNQX (60) More
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recently, the role of glutamate, in the cocaine-dependence cycle has been investigated across multiple
behavioral measures using a number of different behavioral paradigms of cocaine self-administration
in order to extend previous findings to the various phases of the course of cocaine addiction.

4. GLUTAMATE-DEPENDENT SYNAPTIC PLASTICITY 
AND COCAINE ADDICTION

An issue that deserves dedicated attention is the possibility that the relative contribution of excita-
tory amino acid neurotransmitters may become particularly significant during specific periods of expo-
sure to cocaine. Excitatory amino acids are considered critical mediators of neural plasticity within the
central nervous system, and this makes them ideal candidates as participating agents in the develop-
ment of adaptive changes, which may represent integral parts of the addictive process

Glutamate dependence is a feature of long-term potentiation (LTP), a form of synaptic enhance-
ment associated with repeated use of specific synaptic connections (74). Originally described within
the hippocampus, more recent studies have shown LTP in other brain areas, including the nucleus
accumbens. Tetanic stimulation of allocortical afferent fibers making monosynaptic connections with
nucleus accumbens cells produced LTP in a slice preparation and in the intact animal effects that
seemed to be mediated by activation of ionotropic glutamate receptors (75–76). Excitatory amino acid-
dependent synaptic changes in the nucleus accumbens is of enormous potential importance because it
reveals that forms of synaptic enhancement may occur within this structure, and these changes may be
relevant for the development of the addictive process.

In experiments where behavioral techniques were used in combination with electrophysiological
analysis, evoked field responses measured in the nucleus accumens shell after stimulation of fimbria
afferents were examined in rats exposed to the very first days of self-administration of cocaine. Signif-
icantly increased paired-pulse facilitaion of a specific component of the potential (a long-latency com-
ponent termed P25) as well as a marked potentiation of the same potential after tetanic stimulation of
the fimbria were observed in rats self-administering cocaine, but not in yoked controls. These effects
were prevented by systemic administration of the NMDA antagonist CGS 19755 and the non-NMDA
antagonist NBQX (77). Hence, the modifications of nucleus accumbens synaptic efficacy produced by
repeated stimulation of the neural firing of fimbric origin may be part of the neural plastic changes rep-
resenting the early critical events leading to the development of cocaine addiction. The fact that these
changes depend on excitatory amino acid neurotransmission suggests the hypothesis that pharmaco-
logical manipulation of glutamate receptors may effectively modify at least part of the neuroadaptive
phenomena that occur during the course of drug addiction.

As discussed earlier, the natural history of drug addiction consists of several phases that include the
acquisition and the maintenance of stable drug intake, the transition from moderate to excessive drug
intake, and extinction and relapse. The protracted withdrawal state, in particular, is of importance
becasue, during this period, phenomena such as drug-craving, cue-precipitated drug-seeking behavior,
and conditioned reinforcement may occur and these lead into relapse of drug abuse both in animals
and in humans (77–79).

One of the major precipitating factors leading into relapse of drug use is exposure to enteroceptive
and environmental cues previously associated with the abused drug. Reinstatement of drug-seeking
behavior induced by a priming systemic administration of the abused drug or by environmental cues
have been well characterized in rodents. Although the intimate neurobiological determinants of this
phenomenon have not been fully explored, nucleus accumbens dopamine seems to facilitate operant
responding elicited by a conditioned stimulus (80). Interestingly, excitotoxic lesions of the amygala
disrupt conditioned responding for food and sexual reinforcement (81) and, moreover, intranucleus
accumbens infusion of AP-5 reduced the facilitatory effects of amphetamine coinfused within the
nucleus accumbens on conditioned reinforcement (50). Taken together, these results suggest that
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neural messages from the amygdala reaching the nucleus accumbens, and probably other areas of the
limbic system, are capable of reinstating responding for the primary reinforcer in the presence of a
conditioned stimulus. This is probably through the activation of a glutamate mechanism. Considering
that activation of nucleus accumbens dopamine neurotransmission elicits is similar effects (82), it is
possible that excitatory amino acid afferents to the nucleus accumbens may primarily drive neural
activity of nucleus accumbens neurons, allowing allocortical messages to find access to the motiva-
tional/motor effectors of the ventral striatum. The various forms of excitatory amino acid-dependent
neural plasticity shown to occur within the nucleus accumbens may, therefore, participate in the con-
cert of cellular events whose behavioral outcome may ultimately be represented by drug-seeking
behavior or drug-craving. Indeed recent observations suggest a specific role for glutamate-containing
pathways in relapse into cocaine self-administration. Theta-burst electrical stimulation of hippocampal
glutamatergic fibers produced reinstatement of operant responses associated with cocaine in rats previ-
ously trained to self-administer the drug (83). Interestingly, in the same study, stimulation of the
medial forebrain bundle, a pathway critical for reinforcement, did not elicit reinstatement of cocaine-
seeking behavior. This suggests that separate neural systems may subserve drug-induced positive rein-
forcement and incentive properties. Glutamate-containing pathways originating from the hippocampus
appear to be more specifically involved in the incentive-motivational aspects of drug addiction,
thought to be important for relapse. Interestingly, however, glutamate blockade within the basolateral
amygdala failed to affect relapse of cocaine-seeking behavior (84), thus suggesting a specificity for
allocortico-limbic glutamate pathways in reinstatement of cocaine-seeking behavior and, possibly,
craving. Further studies on the role played by specific excitatory amino acids receptor subtypes on
selected aspects of these phases of the cocaine-addiction cycle will permit a closer analysis of the cel-
lular mechanisms through which excitatory amino acids modulate specific aspects of cocaine-seeking
behavior when the drug is no longer available.

Through activation of NMDA receptors, glutamate promotes the influx of calcium into the postsy-
naptic neuron, which, binding to calmodulin, stimulates the activity of nitric oxide synthase (18).
Nitric oxide (NO) is a gaseous neurotransmitter that acts as a retrograde messenger and affects the
release of various neurotransmitters via increases in cyclic GMP (18). Therefore, NO acts as an impor-
tant intracellular effector of excitatory amino acid neurotransmission through NMDA receptors. Elec-
trophysiological and behavioral evidence suggests that nitric oxide plays a significant role in various
forms of synaptic plasticity and in learning and memory (85). More recently, evidence from different
experimental approaches indicates that NO may play a role in the behavioral effects of psychostimu-
lant drugs. Neurochemical studies indicate that endogenous NO facilitates the efflux of dopamine
within the striatum (86) and perfusion of the nucleus accumbens with NMDA through a microdialysis
probe produced a NO-dependent increase of dopamine release (87). In addition, methamphetamine-
induced dopamine release in the caudate/putamen of the rat can be reduced by concurrent administra-
tion of the NO synthase inhibitor L-NAME (88). Further evidence for a functional interaction between
endogenous glutamate neurotransmission, NO, and dopamine within the striatal complex comes from
the observation that the glutamate reuptake inhibitor PDC potentiates endogenous NO-facilitated
dopamine efflux in the rat striatum (89). Electrophysiological evidence suggests that blockade of NO
synthesis with L-NAME reduced NMDA-induced burst firing of rat midbrain dopamine neurons (90).
Behavioral studies, in addition, suggest that functional integrity of NO signaling is essential for the full
expression of cocaine-induced behavior, including locomotion and conditioned place preference, psy-
chostimulant sensitization, and cocaine kindling (91–94). Within the context of cocaine addiction, ear-
lier studies have shown that administration of L-NAME reduced responding for cocaine in both a
fixed-ratio and a progressive-ratio schedule (95). In addition, L-NAME appears to reduce the increase
in responding for cocaine during the extinction phase (96). These effects of blockade of NO synthase
on cocaine self-administration suggest the possibility that nitric oxide may represent an important
component of the cocaine-abuse cycle.
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In conclusion, the recent development of pharmacological probes allowing the selective exploration
of specific aspects of glutamate neurotransmission will allow a better characterization of still unex-
plored aspects of excitatory amino acid neurotransmission in the context of addiction. This includes
the role played by metabotropic receptors, intracellular effects of NMDA activation such as NO, and
the availability of drugs reducing glutamate release. Importantly, these studies will be critical for the
characterization of novel potential therapeutic perspective, strategically tailored to affect specific
aspects of synaptic plasticity associated with the different phases of the cocaine-abuse cycle.
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Glutamate and the Self-Administration 

of Psychomotor-Stimulant Drugs

Paul Vezina, PhD and Nobuyoshi Suto, MA

1. INTRODUCTION

Psychomotor-stimulant drugs such as the amphetamines and cocaine are self-administered by
humans and laboratory animals and produce locomotor activation. Repeated exposure to these drugs
produces long-term enhancements in their ability to elicit these locomotor responses so that subse-
quent re-exposure to the drug, weeks to months later, produces greater behavioral activation than
seen initially. Most importantly, previous exposure to such sensitizing regimens of amphetamine
injections has also been reported to produce long-lasting enhancements in animals’ predisposition to
self-administer the drug. The long-term neurobiological changes associated with these enhance-
ments may also figure importantly in the reinstatement of drug taking in individuals that have been
drug-free for some time.

Considerable evidence links meso-accumbens dopamine (DA) neurons to the locomotion produced
and the self-administration supported by psychomotor stimulants like amphetamine. It is generally
agreed that this drug produces effects in both the cell body and terminal regions of these neurons. In
the ventral tegmental area (VTA, site of the cell bodies of these neurons), amphetamine appears to ini-
tiate the neuronal events underlying behavioral sensitization. In the nucleus accumbens (NAc, their
major subcortical projection), it initiates the neuronal events underlying its acute and, at least in part,
the expression of its sensitized behavioral effects. Results obtained in this laboratory and reviewed in
this chapter suggest a direct relation between the sensitization of meso-accumbens DA neuron reactiv-
ity and the excessive pursuit and self-administration of drugs observed in sensitized animals.

Interactions between excitatory amino acid (EAA) and DA pathways in the basal ganglia have been
known for some time to contribute importantly to the generation of motor behaviors. In particular, the
role played by ionotropic glutamate receptors (iGluRs) in such interactions and in the production of
locomotion has received considerable attention particularly in brain areas such as the VTA, where
EAA afferants are known to modulate the activity of DA neurons, and the NAc, where descending
EAA projections and ascending DA mesencephalic projections come in close apposition to each other
and coinnervate intrinsic neurons projecting to motor-output regions. Given such an anatomical
arrangement, it is not surprising that considerable evidence now indicates a critical contribution by the
EAA glutamate both to the induction and the expression of sensitization by amphetamine. In particu-
lar, the role played by iGluRs has received considerable attention.

Recently, the growing importance of the metabotropic glutamate receptor (mGluR) in the gener-
ation of motor behaviors and various forms of plasticity has begun to emerge. The known coupling
of the mGluR to second-messenger systems and its demonstrated role in the long-term modulation
of synaptic transmission make it an attractive candidate for more than simply the generation of
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locomotion involving EAA–DA interactions. Importantly, these characteristics make it an ideal
contributor to the induction and expression of locomotor plasticity involving these neurotransmit-
ters. Indeed, available evidence obtained with nonselective ligands already indicates an important
role for the mGluR in amphetamine sensitization.

2. AMPHETAMINE, LOCOMOTION, MESO-ACCUMBENS DA, 
AND SENSITIZATION

2.1. Amphetamine-Induced Locomotion
It is now generally agreed that ascending meso-accumbens DA neurons are critical for the locomo-

tor stimulation produced by psychomotor stimulants like amphetamine. This drug increases extracellu-
lar levels of DA primarily by causing reverse transport of DA and preventing its uptake via the DA
transporter (1,2). Infusions of amphetamine into the NAc increase locomotor activity (3,4). This effect
is prevented by injections of DA receptor antagonists into or 6-OHDA lesions of the DA nerve termi-
nals in this site (3,5–7).

2.2. Locomotor Sensitization by Amphetamine: DA and Induction
Repeated exposure to amphetamine produces long-term enhancements in its ability to elicit loco-

motor activity so that subsequent re-exposure to the drug, weeks to months later, produces greater
behavioral activation than seen initially. It is an action of amphetamine in the VTA that is responsible
for the induction of this locomotor sensitization. For example, sensitization of locomotion is produced
by repeated infusions of the drug into the VTA, but not when it is infused repeatedly into a number of
DA neuron terminal fields, including the NAc (4,8–12). Because of these findings, efforts to determine
the neurobiological basis of locomotor sensitization by psychomotor-stimulant drugs have concen-
trated on the VTA for its induction and the NAc for its expression. Psychomotor stimulants increase
the extracellular content of DA in the VTA (13) and this event, resulting in the activation of local D1
DA receptors, is critical for the induction of sensitization by this drug (Fig. 1A; see refs 14, 17 and 18).
In addition, a number of short-term changes in meso-accumbens DA neurotransmission (observed 1 h
to 3 d after the last drug injection) have been reported in this site, although their contribution to the
induction or the expression of sensitization remains unknown. These include changes in basal extracel-
lular DA levels (13), tyrosine hydroxylase protein content (19,20), levels of the G-protein subunits G
oα and G iα (21), sensitivity of D2 DA autoreceptors, and the number and firing rate of A10 DA neu-
rons (22,23).

2.3. Locomotor Sensitization by Amphetamine: DA and Expression
The change in meso-accumbens DA neurotransmission most consistently associated with the

expression of locomotor sensitization to psychomotor-stimulant drugs, on the other hand, is not seen
3–4 d after the last drug injection but rather appears to increase with time. Enhanced drug-induced
increases in levels of extracellular NAc DA have been demonstrated 1 wk to 3 mo following the last
drug injection, indicating that this change may be associated with the persistence of behavioral sensiti-
zation to this drug (23–29; cf. ref. 30). The increase in extracellular content of DA in the NAc pro-
duced by systemic amphetamine is also enhanced by previous exposure to the drug in the VTA (18,31).
Functional supersensitivity of D1 but not D2, DA receptors in the NAc has also been shown to occur
following previous exposure to amphetamine, administered systemically (32) or in the VTA (33).
Unlike the increases in extracellular content of DA described above, this change, postsynaptic to DA
neuron terminals in the NAc, is seen 1 d to 1 mo after the last drug injection and diminishes after
longer withdrawal periods.

Given that behavioral sensitization is observed at all times following pre-exposure, it would appear
that different substrates may underlie enhanced responding at different withdrawal times. Indeed,



Fig. 1. Activation of D1 DA, N-methyl-D-aspartate (NMDA), and metabotropic glutamate (mGlu) receptors in
the VTA is necessary for the induction of locomotor sensitization by amphetamine. (A) The effect of administering
the D1 DA receptor antagonist, SCH-23390, into the VTA during pre-exposure on the induction of locomotor sensiti-
zation by amphetamine; (B) the effect of administering the NMDA receptor antagonist, AP-5; (C) the effect of admin-
istering the mGluR antagonist (RS)-MCPG. Rats were administered the D1 DA and NMDA receptor antagonists into
the VTA prior to each of the systemic amphetamine injections (1.0 mg/kg ip) during pre-exposure (A and B). In the
mGluR experiment (C), the receptor antagonist was administered in cocktail with amphetamine (2.5 µg/0.5 µI/side)
into the VTA during pre-exposure. Some time (up to 2 wk following the last pre-exposure injection, all rats were chal-
lenged with a systemic injection of amphetamine (0.5–1.0 mg/kg ip). No receptor antagonists were administered on
this test. Data are shown as group mean (+SEM) 2-h-session total locomotor counts. Bars: amphetamine (filled) and
saline (hatched) pre-exposed. **p<0.01, ***p<0.001: significantly different from saline pre-exposed rats at the speci-
fied dose of the receptor antagonist. †p<0.05, ††p<0.01, †††p<0.001: significantly different from rats previously
exposed to amphetamine alone. n group=4–10. (Adapted from refs. 14 [A], 15 [B], and 16 [C].)
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when viewed in the context of the basal ganglia and the interconnections between its various nuclei, it
is clear that meso-accumbens DA neurotransmission, whether associated with the acute or repeated
effects of psychomotor stimulants, necessarily impacts the generation of various behaviors by means
of interactions with other neuronal systems. As described below, those using glutamate as a neuro-
transmitter have received particular attention.

3. GLUTAMATE–DA INTERACTIONS: LOCOMOTION 
AND PSYCHOMOTOR-STIMULANT SENSITIZATION

3.1. Generation of Locomotor Activity: Glutamate–DA Interactions in VTA and NAc
Interactions between glutamate and DA and their impact on the generation of locomotor behaviors

have been highlighted in both the VTA and the NAc. The NAc, in addition to being the major subcorti-
cal terminal field of DA perikarya located in the VTA, also receives extensive glutamatergic projec-
tions directly from the prefrontal cortex and limbic structures such as the hippocampal formation and
amygdala (34,35). Ultrastructural studies of the NAc indicate that some of the terminals of the
descending EAA projections from cortex and those of ascending DA mesencephalic projections not
only come in close apposition to each other but form synaptic contacts with the same intrinsic NAc
neurons as well (36,37). Considering that these latter neurons project to motor-output regions (38),
such an anatomical arrangement provides the basis for possible behaviorally relevant interactions
between DA and glutamate at the level of nerve terminals in the NAc. The nature of these interactions
and the manner in which they influence behavior appear complex and are not competely understood.
Considerable evidence has nonetheless accumulated indicating that DA and glutamate, acting via
iGluRs and mGluRs, do interact in the NAc and that these interactions contribute importanlty to the
generation of locomotor behaviors (for reviews, see, refs. 39–41).

The VTA, site of the DA perikarya projecting to the NAc, also receives EAA inputs from a number
of sources, including the prefrontal cortex, subthalamic nucleus, laterodorsal tegmentum, and habe-
nula (37,42–48). EAAs in the VTA have been shown to regulate, by acting at iGluRs on DA cell bod-
ies and dendrites (49), the firing of meso-accumbens DA neurons and, consequently, the DA released
by their terminals in the NAc (50–54). Not surprisingly, infusion into the VTA of agonists selective for
iGluRs has also been shown to produce DA-dependent increases in locomotor activity (55–57). Activa-
tion of mGluRs (groups I and II) in the VTA has also been reported to increase locomotor activity (58),
but the mechanisms underlying these effects remain unclear. (1S,3R)-ACPD, a broad-spectrum agonist
of mGluRs, has been reported to current-dependently increase the firing of DA neurons when
microiontophoretically applied to the VTA in anesthetized rats (59). However, when infused into the
VTA of freely moving rats, this agonist failed to affect extracellular levels of DA in the NAc (54).

3.2. Locomotor Sensitization by Psychomotor Stimulants: Glutamate–DA
Interactions and Induction

In addition to contributing to the generation of acute locomotor effects, activation of glutamate
receptors appears to play an important role in the induction and the expression of locomotor sensitiza-
tion by psychomotor-stimulant drugs (for review and references, see ref. 60). There have, for example,
been many reports that preceding injections of amphetamine or cocaine with systemic injections of
NMDA or non-NMDA, iGluR antagonists blocks the induction of locomotor sensitization normally
produced by these psychomotor stimulants (e.g.,refs. 32 and 61–64). Consistent with the induction of
sensitization by amphetamine in the VTA, blocking NMDA receptors selectively in this site has been
shown to prevent the induction of locomotor sensitization by systemic cocaine (65), systemic amphet-
amine (15; see Fig. 1B), or intra-VTA amphetamine (66). Because the activation of D1 DA receptors
in this site is necessary for the induction of sensitization by amphetamine (14,17,18), this activation,
by increasing glutamate release from afferent terminals in the VTA (67; cf. ref. 68), is likely also to be
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an important regulator of glutamate’s contribution to sensitization. Thus, glutamate may act at NMDA
receptors, and perhaps AMPA (64) receptors, expressed by DA perikarya in the VTA (69) to initiate
long-term intracellular changes in these neurons. The consequences of such changes could be trans-
ported to the terminals of these neurons in the NAc, where amphetamine is known to produce
enhanced responding in sensitized animals (11,12). The transient increase in the VTA both in gluta-
mate receptor subunit expression (70) and in the reactivity of DA neurons to glutamate (59,71) may
well signal the momentary but necessary recruitment of NMDA receptors to the induction of sensitiza-
tion. Consistent with this view, lesions of the medial prefrontal cortex and the resulting removal of this
site’s excitatory amino acid projections to the VTA block the induction of stimulant sensitization
(63,72). Alternatively, such lesions have also been reported to prevent the expression of locomotor sen-
sitization (73; cf. ref.74), suggesting that changes in the afferent regulation of DA neurons in the VTA
may be altered in sensitized animals. It has been reported, for example, that animals previously
exposed to cocaine show long-term enhancements in D1 DA receptor mediated increases in extracellu-
lar glutamate content in the VTA (75; cf. ref. 76) and, interestingly, long-term decrements in D1 DA
receptor mediated increases in extracellular GABA levels in this site (77).

Ventral tegmental area mGluRs have also been shown to contribute to the induction locomotor sen-
sitization by psychomotor stimulants. When bilaterally co-injected with amphetamine into the VTA,
the broad-spectrum mGluR antagonist (RS)-MCPG was found to block the induction of locomotor
sensitization normally produced by amphetamine in this site (see Fig. 1C; ref. 16). This receptor antag-
onist may have blocked the induction of sensitization by preventing D1 DA receptor-dependent
increases in extracellular glutamate levels from phasically activating mGluRs expressed by DA
perikarya (49,78). As with iGluRs, such activation of mGluRs could initiate long-term intracellular
changes in these neurons. Because mGluRs are also known to modulate iGluR function in different
brain regions (79–81), including the substantia nigra, and the activation of iGluRs is necessary for the
induction of stimulant sensitization, it is also possible that (RS)-MCPG in the VTA produced this effect
by preventing the recruitment of iGluRs to the sensitization process. Finally, as shown for D1 DA and
A1 adenosine receptors in the regulation of GABA release in the VTA (77), mGluRs co-expressed with
D1 DA receptors on glutamate afferent terminals may contribute to the regulation of extracellular lev-
els of glutamate in this site. (RS)-MCPG may have blocked amphetamine sensitization by perturbing
this contribution and preventing changes in the afferent regulation of DA neurons by glutamate.

The results of a number of recent cell recording experiments using selective ligands suggest that
specific mGluR subtypes may play a role in some of these potential effects. Rapid activation of the
group I mGluR1 subtype has been shown, for example, to produce hyperpolarization of DA neurons in
the VTA that turns to depolarization following prolonged activation [reflecting possible desensitization
(82)]. Interestingly, amphetamine selectively blocks the mGluR1-mediated hyperpolarization (83) that
would be expected to promote more somatodendritic DA release by this drug. Also, selective inhibi-
tion of the mGluR1-mediated hyperpolarization by adenosine was also observed following cocaine
exposure, an effect that would be expected to result in more effective burst firing mediated by gluta-
mate afferents (84). Activation of other mGluR subtypes has been shown to inhibit glutamate release in
the VTA [group II (85,86)] and substantia nigra [group III (87)] and the former effect is enhanced soon
after morphine pre-exposure (88).

Taken together, the above findings clearly indicate that glutamate and DA can interact in a number of
ways in the VTA to influence the induction and expression of sensitization by psychomotor stimulants.

3.3. Locomotor Sensitization by Psychomotor Stimulants: Glutamate–DA
Interactions and Expression

A number of studies have shown that glutamate neurotransmission in the NAc is also altered by
repeated exposure to psychomotor stimulants. For example, previous exposure to such drugs leads to
enhanced locomotor responding to NAc infusions of AMPA 1 d to 3 wk later (89,90). Enhanced
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cocaine-induced NAc glutamate overflow in stimulant pre-exposed animals has also been reported 10
d to 3 wk later (90,91). In animals tested with amphetamine 2 d following pre-exposure, only
increased aspartate overflow (92) or no effect was observed (76,93). Interestingly, these effects
(enhanced NAc glutamate overflow at later, but not early, withdrawal times and enhanced responding
to NAc AMPA at 1 d to 3 wk withdrawal) parallel the time-course observed with DA overflow and
supersensitivity of D1 DA receptors in the NAc and may reflect interactions in this site between gluta-
mate and DA in the expression of sensitization by psychomotor stimulants. Glutamate and DA do
appear to interact to influence each other’s synaptic release in the striatum and NAc (94–101). In addi-
tion, despite the development of D1 DA receptor supersensitivity in the NAc, local infusions of D1 DA
receptor agonists fail to produce sensitized locomotor responding in amphetamine pre-exposed rats
(102,103) unless glutamate reuptake is simultaneously inhibited in this site (104). Thus, while reflect-
ing complex effects, these data collectively indicate that glutamate and DA can interact in a number of
ways, both presynaptically and postsynaptically, in the NAc to influence the expression of sensitization
by psychomotor stimulants (for discussion, see refs. 39 and 60). NAc mGluRs may play an important
role in such effects. Rats exposed 2 wk earlier to systemic amphetamine have been reported to show
enhanced lomotor activity in response to (RS)-MCPG, but not 1S,3R-ACPD, in the NAc (105).
Although these findings do not, by themselves, preclude the need for an intact dopaminergic afferenta-
tion of the NAc, they are consistent with the production of long-term changes in glutamatergic neuro-
transmission in the NAc of animals previously exposed to psychomotor stimulants and the regulation
of these changes by mGluRs. In these animals, the blockade of NAc mGluRs may thus increase loco-
motor output by disinhibiting the release of glutamate from glutamate afferent terminals (for discus-
sion, see ref. 41). Consistent with this possibility, similar results have been obtained in this laboratory
with the selective group II mGluR antagonist LY341495. Activation of group II mGluRs is known to
inhibit glutamate release in the NAc (106).

4. SENSITIZATION AND THE SELF-ADMINISTRATION OF PSYCHOMOTOR
STIMULANT DRUGS

4.1. Facilitation of Psychomotor-Stimulant Self-Administration
It is now well established that animals previously exposed to sensitizing injection regimens of mor-

phine, amphetamine, cocaine, or treatments with environmental stressors are subsequently more sensi-
tive to the rewarding or incentive-motivational effects of these drugs as measured by the conditioned
place-preference procedure (107–109). In addition, these animals are more susceptible to self-adminis-
ter amphetamine and cocaine (110–118). The long-term neurobiological changes associated with these
effects have also been suggested to play an important role in the reinstatement of drug-taking in indi-
viduals that have been drug free for some time (109,119–124). By examining those neuronal events
known to influence locomotor sensitization to such drugs, it may be possible to gain an understanding
of those neuronal systems underlying predisposition to self-administer these very drugs and liability
for reinstatement of this behavior even in drug-free individuals.

The neurotransmitter system most studied in this context has been that comprising the meso-
accumbens DA neurons. As noted earlier, there is general agreement that this system mediates the
locomotor activity produced and the self-administration supported by psychomotor-stimulant drugs
as well as by more natural incentives (119,125,126). For example, rats will self-administer ampheta-
mine into the NAc (127,128), wheareas infusions of DA receptor antagonists, 6-OHDA, or, kainic
acid into this site have been found to disrupt iv self-administration of amphetamine and cocaine
(129–133). These manipulations are also known to block the locomotor effects of psychomotor stim-
ulant drugs (18,134–136). It is possible, therefore, that the sensitization observed following drug
exposure is due to an exaggeration of processes that are normally set in motion when an animal ini-
tially encounters biologically significant stimuli and interacts with them. These processes may serve
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to facilitate or promote subsequent encounters with these stimuli. If activity in meso-accumbens DA
neurons underlies the incentive valence of stimulant and opiate drugs and these neurons become sen-
sitized when repeatedly exposed to such drugs, it would be expected that the subsequent administra-
tion of one of these drugs would produce an enhanced incentive to pursue the drug (see refs. 119,
123, and 137).

Although phasic decreases in extracellular DA levels in the NAc may play a role in triggering suc-
cessive responses for drug in well-trained animals (138,139), these levels have also been shown to be
tonically increased in these animals during the self-administration period (140,141). Other studies
have also shown that extinguished heroin or cocain self-administration behavior can be reinstated or
primed by a noncontingent iv injection of the administered drug, intra-VTA morphine, or intra-NAc
amphetamine, suggesting that it is synaptic DA, and not its absence, that promotes self-administration
behavior (120–122, 142–146).

The evidence that previous exposure to psychomotor stimulants enhances the self-administration of
these drugs has, until recently, been limited to that obtained in studies assessing how readily animals
will acquire such behaviors under relatively simple schedules of reinforcement with low drug doses for
intravenous injections (e.g., refs. 110–116). This approach obviated the need to train animals to self-
administer the drug before testing. It was reasoned that exposure to the drug during such training could
compromise existing differences in drug pre-exposure history between animals in different groups.
Indeed, self-administration of cocaine has been shown to produce locomotor sensitization (147,148).
One interesting problem with this approach, however, has been its failure to generalize to higher drug
doses. For example, when high intravenous drug doses are made available, drug and saline pre-
exposed animals do not to differ in their acquisition of self-administration behaviors (117,118). It
would seem, therefore, that even though previous exposure to a drug may decrease the threshold dose
able to initiate and maintain responding, all animals irrespective of drug pre-exposure history will
readily self-administer a large dose of the drug when given the opportunity to do so on a simple sched-
ule of reinforcement. These findings suggest that sensitization is linked not so much to the act of drug-
taking itself but rather to enhanced incentive to engage in this behavior. Given the earlier report of
Mendrek et al. (117), we reasoned that because subthreshold drug doses can elicit responding in ani-
mals previously exposed to the drug, these animals would be expected to work more than drug-naive
animals to obtain a high dose of the drug. This could be observed if the demand characteristics
required to obtain the drug were increased progressively, as with a progressive ratio (PR) schedule of
reinforcement (118,137,149). According to this view, sensitized individuals would be expected to
more actively seek drug, to maintain drug-taking behaviors more readily, and to do so in a greater vari-
ety of situations than nonsensitized individuals. Clearly, identification of the neuronal events leading
to sensitization would be of extreme importance for the understanding of those events leading to such
behaviors, ultimately charasteristic of drug-craving and abuse.

The results of more recent studies support this view and have begun to shed some light on the
neuronal mechanisms underlying the excessive pursuit and self-administration of psychomotor-stim-
ulant drugs. For example, when rats previously exposed to systemic amphetamine were placed on a
PR schedule and made to work more for each successive infusion of a high dose (200 µg/kg/infu-
sion) of the drug, they emitted a far greater number of lever presses (often threefold higher) than
saline pre-exposed animals (117,118). In one of these studies, the difference between groups was
maintained not only during six consecutive days of PR self-administration, but it was still apparent
close to 3 wk later (118). In addition, these long-term consequences of prior exposure to ampheta-
mine on the subsequent self-administration of the drug have been found to be accompanied by
enhanced levels of extracellular DA in the NAc (118,149). Because these latter results were obtained
after animals received a systemic priming injection of amphetamine and exhibited lever pressing for
saline (see refs. 123 and 124), they clearly were not due to the presence of higher brain levels of self-
administered drug. Rather, they appear to reflect a role for this neurotransmitter in the expression of
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long-term enhancements in animals’ predisposition or incentive to pursue the drug. It was recently
reported that cocaine-experienced animals actually exhibited less DA overflow in the NAc relative to
controls following an ip injection of cocaine on a reinstatement test (150). It must be noted, however,
that in this latter experiment, controls had previously received the drug only as yoked injections and
had never been exposed to the levers prior to the reinstatement test, making it difficult to interpret the
behavioral and biochemical results obtained and understand how they are related to each other. The
above data obtained with the PR schedule, on the other hand, were obtained in groups with equal
access to the drug lever but differing in their prior exposure to a sensitizing-drug regimen.

As shown in Fig. 2, the above findings have been extended in the laboratory to include an assess-
ment of the effect of previous exposure to amphetamine when it is infused into the VTA. Rats previ-
ously exposed to amphetamine in this site, but not in the NAc (not shown here) or in sites surrounding
the VTA, emitted significantly more presses and obtained more amphetamine throughout PR testing
(149). In addition, consistent with reports of sensitized locomotor and NAc DA responding to systemic
cocaine following exposure to amphetamine administered systemically or into the VTA (9), rats previ-
ously exposed to VTA amphetamine were also found to consistently work more and to obtain more iv
infusions of cocaine (151).

4.2. Facilitation of Psychomotor Stimulant Self-Administration: Glutamate–DA
Interactions and Induction

The above findings indicate that, in a manner similar to the sensitization of amphetamine’s locomo-
tor and NAc DA activating effects, this drug acts in the VTA, but not in the NAc, to produce changes
that subsequently promote not only its pursuit and self-administration but that of other psychomotor
stimulants as well.

Given the critical role of D1 DA receptors in the VTA in the induction of sensitization of the loco-
motor and NAc DA effects of amphetamine (see Section 2.2.), the role played by these receptors in the
facilitation of cocaine self-administration by amphetamine in the VTA was investigated in the labora-
tory. It was found that, consistent with the above view, blocking D1 DA receptors in the VTA prevented
the induction of sensitization by amphetamine in this site as assessed by the subsequent self-adminis-
tration of cocaine on a PR schedule of reinforcement (Fig. 3). Whereas rats previously exposed to VTA
amphetamine worked more and obtained more cocaine than VTA saline pre-exposed animals, rats pre-
viously exposed to VTA amphetamine+SCH-23390 failed to show this enhanced self-administration of
cocaine. Previous exposure to the D1 DA receptor antagonist alone in the VTA was without effect on
the subsequent self-administration of cocaine (151). In a similar experiment, Pierre and Vezina (152)
showed that preceding each systemic amphetamine pre-exposure injection with a sc injection of SCH-
23390 prevented the facilitation of acquisition of self-administration of a low dose of the drug.

These findings were then extended to the case of NMDARs and mGluRs in the VTA. Again, as out-
lined earlier, activation of both of these receptors in the VTA has been shown to be necessary for the
induction of locomotor sensitization by amphetamine in this site. In a series of experiments conducted
in the laboratory, it was found that facilitation of cocaine self-administration by amphetamine was pre-
vented by infusing NMDAR and mGluR antagonists with amphetamine into the VTA during pre-expo-
sure. As in the above experiments, whereas rats previously exposed to VTA amphetamine worked
more and obtained more cocaine than VTA saline pre-exposed animals, rats previously exposed to
VTA amphetamine with CPP (the NMDAR antagonist; Fig. 4) or MCPG (the mGluR antagonist; Fig.
5) failed to show this enhanced self-administration of cocaine. In the case of CPP, this effect was dose
dependent. Previous exposure to either glutamate receptor antagonist alone in the VTA was without
effect on the subsequent self-administration of cocaine (153,154). The findings obtained with CPP are
also consistent with others reported earlier showing that a systemically administered NMDAR antago-
nist could prevent the facilitation by systemic cocaine of acquisition of self-administration of a low
dose of this drug (155).
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Fig. 3. Previous exposure to VTA amphetamine facilitates the self-administration of cocaine in a D1 DA recep-
tor-dependent manner. Different groups of rats were administered three infusions into the VTA of amphetamine
(AMPH; 2.5 µg/0.5 µ/side), saline, amphetamine + the D1 DA receptor antagonist SCH-23390 (0.25 µg/0.5
µl/side) or SCH-23390 alone. Infusions were made once every third day. Starting 10 d later, rats were trained to
self-administer cocaine (300 µg/kg/infusion, iv) and then tested on a PR schedule of reinforcement for 6 d. Bar
graphs were derived from means of the values obtained for each subject on each of the six PR test days. The group
mean number of infusions obtained on each of the test days is shown to the right of the bar graphs. SCH-23390
completely prevented the facilitation of cocaine self-administration by VTA amphetamine. *p<0.05: significantly
different from VTA saline pre-exposed animals; ††p<0.01: significantly different from rats previously exposed to
VTA amphetamine alone. n=7–10/group. (Adapted from ref. 151.)

Fig. 4. Previous exposure to VTA amphetamine facilitates the self-administration of cocaine in an NMDA
receptor-dependent manner. Different groups of rats were administered three infusions into the VTA of ampheta-
mine (AMPH), saline, amphetamine + the NMDA receptor antagonist CPP or CPP alone. Remaining procedures
and illustration of data are as described in Fig. 3. CPP dose-dependently prevented the facilitation of cocaine self-
administration by VTA amphetamine. **p<0.01: significantly different from VTA saline pre-exposed animals;
††p<0.01: significantly different from rats previously exposed to VTA amphetamine alone. n=7–12/group (Adapted
from refs. 153 and 154.)
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Taken together, the above findings support the view that facilitation of psychomotor-stimulant self-
administration represents an instance of amphetamine sensitization that is induced and expressed via
the same neuronal mechanisms leading to and underlying enhanced locomotor and DA responding to
the drug. These neuronal mechanisms, initiated and thus recruited by antecedent pharmacological as
well as (it is important to remember) nonpharmacological events, may underlie individuals’ predispo-
sition to initiate (in the drug-free individual) or to resume (in the drug-experienced individual) the pur-
suit and self-administration of drugs of abuse.

The above-reviewed findings highlight consistent parallels between the induction of sensitization of
the locomotor and NAc DA activating effects of amphetamine and the induction of facilitation of its
ability (as well as that of other psychomotor stimulants) to support self-administration. Thus, in addi-
tion to initiating those changes leading to locomotor and NAc DA sensitization, amphetamine appears
able by its actions in the VTA to also induce enduring changes that subsequently promote its self-
administration as well as that of other psychomotor-stimulant drugs. Importantly, manipulations
known to prevent the induction of sensitized locomotor and, in some cases, NAc DA responding to
amphetamine (blocking D1 DA, NMDA, and mGluR receptors prior to each amphetamine pre-expo-
sure injection) also prevent the development of enhanced responding for a psychomotor stimulant in a
drug self-administration paradigm. Although much remains to be clarified regarding the manner in

Fig. 5. Previous exposure to VTA amphetamine facilitates the self-administration of cocaine in an mGluR-
dependent manner. Different groups of rats were administered three infusions into the VTA of amphetamine
(AMPH), saline, amphetamine + the mGluR antagonist MCPG or MCPG alone. Remaining procedures and illus-
tration of data are as described in Fig. 3. MCPG, at both concentrations tested, completely prevented the facilita-
tion of cocaine self-administration by VTA amphetamine. **p<0.01: significantly different from VTA saline
pre-exposed animals, †p<0.05, ††p<0.01: significantly different from rats previously exposed to VTA ampheta-
mine alone. n=8–12/group. (Adapted from ref. 154.)
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which glutamate and DA interact in the VTA (see above), it is clear that each of these neurotransmit-
ters, by virtue of its interactions with the other, plays a critical role in initiating those changes that lead
ultimately to the generation of sensitized behavioral output following the repeated administration of
psychomotor stimulant drugs.

Finally, in addition to playing a critical role in the development of these effects in the VTA, gluta-
mate–DA interactions in the NAc may also be important for the subsequent expression of excessive
seeking and self-administration of these drugs. It was recently reported that the activation of AMPA
receptors in the NAc mediates relapse in animals trained to self-administer cocaine (156,157). In a
manner consistent with the enhanced locomotor responding to NAc infusions of AMPA observed in
rats pre-exposed to cocaine (90), animals previously exposed to amphetamine have been found to
exhibit enhanced lever pressing for amphetamine when primed with NAc AMPA (158).
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Roles of Glutamate, Nitric Oxide, Oxidative Stress, 

and Apoptosis in the Neurotoxicity of Methamphetamine

Jean Lud Cadet, MD

1. INTRODUCTION

Oxygen and nitric oxide (NO) are essential elements for normal life. Indeed, the reduction of mole-
cular oxygen represents one of the most important generators of energy for aerobic organisms. This
occurs through the four-election reduction of dioxygen to yield water. Nevertheless, these substances
can also participate in deleterious reactions that negatively impact lipid, protein, and nucleic acid.
Thus, normal physiological function depends on a balance between these potentially toxic substances
and the scavenging systems that aerobic organisms have developed to counteract their deleterious
effects. Both exogenous and endogenous causes can tilt that balance. In the present chapter, I will elab-
orate on the thesis that the neurodegenerative effects of methamphetamine are due to reactive oxygen
species (ROS) overproduction in monoaminergic systems in the brain. I will also discuss the possible
role of glutamate and of NO in the cascade that leads to methamphetamine (METH)-induced neuro-
toxicity. Moreover, this chapter will review briefly recent data that provide conclusive evidence that
METH can also cause cell death in various regions of the brain.

2. OXIDATIVE MECHANISMS IN THE BRAIN

Free radicals (FR) are compounds that have at least one unpaired electron. They are very reactive
and can cause damage to nucleic acids, lipids, and proteins (1). Damaging oxyradical species can be
produced through both endogenous and exogenous sources. Exogenous sources include xenobiotics,
radiation, and chemical toxins, whereas endogenous ones include mitochondrial respiration,
cytochrome P-450 reactions, phagocytic oxidative bursts, and peroximal leakage.

Aerobic organisms take up oxygen, which is used by the mitochondria in a process that makes
water. Molecular oxygen is itself a free radical because it has two unpaired electrons. Because of spin
restriction, molecular oxygen takes up one electron at a time in a process that results in the formation
of superoxide radicals (O2·– hydrogen peroxide (H2O2), and hydroxyl radicals (●OH).

Superoxide is also generated by the actions of enzymes such as amino acid oxidase, cytochrome
oxidases, monoamine oxidases, xanthine oxidase, and aldehyde oxidase. Auto-o-xidation of cate-
cholamines, leukoflavins, tetrahydropterins, hydroquinones, and ferrodoxins also produce superoxides
(2,3). Superoxide is also formed during reperfusion subsequent to ischemia. Culcasic et al. (4)
reported that stimulation of glutamate receptors can also cause the production of superoxide radicals.
This might be the main cause of the cell death due to hypoxic insults to the brain. Interestingly, stimu-
lation of glutamate receptors and the enzymatic reaction of nitric oxide synthase (NOS) can also cause
the production of superoxide radicals. Superoxide radicals are converted to H2O2 by superoxide
dismutase (SOD). H2O2 is also made during reactions catalyzed by the actions of amino acid oxidase

From: Contemporary Clinical Neuroscience: Glutamate and Addiction
Edited by: Barbara H. Herman et al. © Humana Press Inc., Totowa, NJ

201



202 Cadet

and monoamine oxidase. Moreover, it is produced during the auto-o-xidation of ascorbate and cate-
cholamines (5). H2O2 is not a free radical because it does not contain unpaired electrons. Its reaction
with transition metals leads to the formation of the highly toxic hydroxyl radical (6). Hydroxyl radicals
can damage sugars, amino acids, phospholipids, and nucleic acids. It can start the process of mem-
brane lipid peroxidation that can lead to membrane damage. The accumulation of ions and water sec-
ondary to membrane dysfunction can lead to activation of proteolytic enzymes, swelling, and the
activation of the cell death machinery.

Nitric oxide is a ubiquitous free radical (7,8). NO is made through the action of NOS. NO can exist
in several redox states, including the nitrosonium (NO+) ions (9). NO can form peroxynitrite (ONOO–)
by interacting with O2·–; ONOO– is neurotoxic because of its interaction with thiol groups (10). NO
has been implicated in the toxic effects of glutamate in several in vitro models (11–14; see also below).

Oxidative damage to DNA includes damage to bases (thymine glycol) and to the phosphodiester
backbone of DNA. Such attacks of the DNA structure can lead to loss of genetic information. Because
differentiated neurons do not go through the full cell cycle, oxidative stress can result in accumulation of
damaged DNA over time. These changes in DNA structures might play key roles in the aging process.

3. SCAVENGING SYSTEMS IN THE BRAIN

In the brain, the antioxidant defense system consists of the enzymes SOD, glutathione peroxidase
(GSH-Px), and catalase (CAT) (15). Nonenzymatic dietary antioxidants include ascorbic acid (vitamin
C), α-tocopherol (vitamin E), and β-carotene. Other antioxidants are glutathione (GSH) and sulfydryl-
containing, proteins. These antioxidants interact in parallel or sequential pathways to maintain oxida-
tive homeostasis.

The first line of defense against O2·– is SOD, which catalyzes its reaction to H2O2 (2,3). H2O2 is
eliminated by CAT and glutathione peroxidase. CAT is a heme-containing enzyme that converts H2O2

to water and molecular oxygen. Because CAT has been found in peroxisomes, lysosomes, and mito-
chondria, it might provide inadequate protection against H2O2 produced in other cellular compart-
ments. GSH-Px, a seleno-metaloenzyme, is another line of defense against H2O2 in these locations.
GSH-Px prevents further propagation of radical chain reactions that can cause lipid peroxidation,
membrane destabilization, and impairment of membrane function. It is to be noted that the levels of
CAT and GSH-Px in the brain are relatively low in contrast to the oxidative burden created by the high
rate of oxidative metabolism in this organ. GSH is a tripeptide thiol (L-γ-glutamyl-L-cysteinyl-
glycine), which is an essential antioxidant. Depletion of GSH causes cellular demise because of dys-
function of mitochondria and of other subcellular organelles. SOD is found throughout the brain (15).

Vitamin E is present in vegetable oils and is particularly rich in wheat germ. It is absorbed with fats
in the gut and carried in the plasma by lipoproteins. Vitamin E is lipid soluble and is found in plasma
membrane. Reactions that involve vitamin E lead to the formation of the tocopheroxyl radical by
removal of the phenolic hydrogen. Vitamin C can reduce the radical to the original tocopherol. The
tocopheroxyl radical can also be reduced by GSH-dependent reactions. Vitamin C (16) is a water-solu-
ble antioxidant, which is present in high concentrations in fruits and vegetables. The brain has a very
high concentration of vitamin C. It is highly concentrated in vesicular compartments of monoaminer-
gic neurotransmitters. Ascorbate can also react with ROS to produce dehydroscorbate, which can then
be reduced by GSH-dependent enzymatic reactions.

4. THE POTENTIAL ROLE OF OXYGEN-BASED RADICALS IN METH
NEUROTOXICITY

4.1. Toxic Effects of Methamphetamine
Methamphetamine is an illicit drug that has a marked increase in its abuse throughout the world

(17–19). Its acute administration can cause neuropsychiatric and neurological complications,
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including paranoia, psychosis, coma, and death (20). Abrupt cessation of use can cause withdrawal
symptoms that can progress to a suicidal depressive state (21). The acute effects of the drug might
be caused by increases in the levels of synaptic dopamine (DA) (22), whereas the long-term effects
are probably due to persistent perturbations in monoaminergic systems (23). For example, adminis-
tration of toxic doses of METH can cause marked depletion of dopaminergic and serotonergic
markers in rodents (24–29). These include neostriatal DA levels (26,30–32), striatal tyrosine
hydroxylase activity (33), and DA uptake sites (31,32,34,35). Nonhuman primates (36,37) and
human METH users (38,39) also show marked toxic effects of the drug in their brains.

4.2. METH-Induced Toxicity and Oxygen-Based Radicals
Although the cellular and molecular events involved in METH-induced neurotoxicity remain to

be elucidated, a number of investigators (32,40–43) have hinted to a role for oxygen-based free rad-
icals in the actions of this drug. For example, administration of antioxidants, such as ascorbic acid
or vitamin E, caused attenuation of METH-induced neurotoxicity (41,44), whereas inhibition of
SOD by diethyldithiocarbamate increased its neurotoxicity (41). In the following, we provide fur-
ther evidence that both superoxide radicals and NO are indeed involved in the neurodegenerative
effects of this amphetamine analog. In order to test the role of superoxide radicals in the neurotoxic
effects of METH Cadet et al. (30) and Hirata et al. (45) made use of transgenic (Tg) mice that
express the human CuZn-SOD gene (46). These mice have been shown to have much higher CuZn-
SOD activity than wild-type animals from similar backgrounds (46). Moreover, homozygous SOD-
Tg mice have a mean increase of 5.7-fold, whereas heterozygous SOD-Tg mice have a mean
increase of 2.5-fold in comparison to wild-type mice. In these mice, the toxic effects of METH
were significantly attenuated in gene dosage fashion, with the homozygous mice showing greater
protection (45).

These results suggest that there is production of the superoxide radicals in the striata of mice treated
with METH. This increase in superoxide radicals is probably due to release of DA in the brain after
METH administration (47,48) and subsequent DA oxidation within DA terminals. Catecholamines
have been shown to generate free radicals in the brain (49). Specifically, the metabolic breakdown of
DA, serotonin, and norepinephrine by monoamine oxidase results in the production of H2O2 (50). In
addition, catecholamines can autoxidize to form quinones (51). Quinone by products can damage pro-
teins via nucleophilic attacks on their side chains (52). Further redoxcycling of dopaquinone formed
during DA catabolism would enhance the concentration of oxygen-based radicals within DA termi-
nals; this could cause their demise through membrane destabilization or through changes in calcium
homeostasis. The proposition that quinones might be involved in toxicity is supported by a recent arti-
cle that documented their production in DA terminals after administration of the METH (53). In addi-
tion to superoxide radicals, the formation of hydroxyl radicals has also been implicated in neurotoxic
effects (42). Thus, it appears that METH administration might be associated with a toxic cascade that
involves the production of superoxides, hydrogen peroxide, and hydroxyl radicals (54). Further evi-
dence for this view was provided by recent data that the antioxidant melatonin can also protect against
METH neurotoxicity (43,55).

4.3. Role of Glutamate and Nitric Oxide in METH Neurotoxicity
Cellular damage can also occur through glutamate toxicity (56,57). The cytotoxic effects of gluta-

mate occur through receptor-mediated excitotoxicity and receptor-independent events. Excitotoxicity
appears to depend on the production of NO (12,58). This occurs through conversion of L-arginine to L-
citrulline in a reaction catalyzed by NOS; this reaction can be blocked by L-arginine analogs such as
Nω-nitro-L-arginine (NOArg) (7,8). It has been suggested that the oxygen-based pathways and the L-
arginine–NO pathways might act alone or might collaborate in some instances to cause degenerative
changes in a number of pathological states (59).
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A number of investigators have studied the role of glutamate in METH neurotoxicity (60–63; and
see Chapter 14). Stephans and Yamamoto (61) first published a paper demonstrating that the glutamate
antagonist MK801 can reduce the toxic effects of METH in mice. That group subsequently extended
these findings to other antagonists (62). Weihmuller et al. (64) then supported this thesis by demon-
strating that MK801 had its protective effects by attenuating METH-induced DA overflow. Other stud-
ies using lesions of intrinsic striatal cells that contain glutamate receptors also provided further support
for the role of glutamate in this model (63). Nevertheless, recent observations that these compounds
might attenuate METH-induced temperature elevation had cast some doubt onthe robustness of the
glutamate effects (65–67). It is to be pointed out that some drugs that decrease body temperature can
actually exacerbate METH toxicity (68), thus indicating that there is not a one-to-one correspondence
between protection and attenuated temperature response.

Because glutamate appears to cause some of its neurotoxic effects via the production of NO (69), sev-
eral groups of investigators have sought to determine if NO was also involved in METH neurotoxicity
(55,70–72; and Chapter 15). Using a cell culture system, (70) showed that blockade of NO formation by
NOS inhibitors provided significant protection against METH-induced cell death. Subsequently, Itzak et
al. (73), using NOS knockout mice, also found substantial protection against the toxic effects of METH
on dopaminergic markers. These results indicate that blocking of NO formation can result in the attenu-
ation of the toxic effects of the drug. Thus, application of METH might have caused sustained release of
NO that mesencephalic cells could not tolerate. The role of NO in the toxic effects of METH was further
supported by the recent observations that METH can cause overexpression of neuronal NOS in the
mouse brain (74). The present data are also consistent with those of others that have shown that NO is
toxic to a number of cell types in vitro (11,69). Results from this laboratory (70) and those of others
(40,75) indicate that METH can affect both DA and non-DA cells in vitro. The effects of METH on non-
DA cells are consistent with the recent observations that METH can kill intrinsic nonmonoaminergic cell
bodies in the cortex and striatum of mice (76–78). Taken together, these observations suggest that the
amphetamines might affect more than just the monoaminergic systems in the brain; this would be
consistent with the demonstrated role for NO and O2·–, both of which could affect more than just
monoaminergic systems in vivo. These issues are being investigated in our laboratory.

4.4. Methamphetamine-Induced Toxicity Involves Activation of Poly 
(ADP-ribose) Polymerase

The production of ROS is known to cause DNA damage (79). Associated with this damage is the
activation of the enzyme poly(ADP-ribose) polymerase (PARP) with subsequent depletion of cellular
energy stores and cell death (79). NO is thought to cause damage in a similar way (80). Sheng et al.
(70) were able to show the involvement of PARP in METH toxicity because benzamide, nicotinamide,
3-aminobenzamide, and theophylline, which all inhibit the activity of the enzyme, also block METH-
induced cell death. These studies show that the production of NO and superoxide radicals is implicated
in METH-induced toxicity and that the cascade to cell death also includes PARP activation.

5. APOPTOSIS AND METH NEUROTOXICITY

5.1. Role of bcl-2 Gene Family
The evidence summarized above had suggested that METH could cause neuronal death. In order to

evaluate this further, we used a cell culture system that consisted of an immortalized neural cell line
from the rat mesencephalon (81). Exposure of these cells to METH caused the loss of viability in a
dose-dependent fashion as measured by a fluorescent assay. However, this approach did not fully clar-
ify the mode of cell death caused by METH.

Cell death can occur either via a necrotic or an apoptotic process (82,83). Apoptotic cell death has
been shown to be attenuated or inhibited by the overexpression of bcl-2 (84,85). In order to better



Methamphetamine Neurotoxicity 205

identify the mechanism that was involved in METH-induced loss of cellular viability, we used a flow
cytometric approach to evaluate the presence of DNA strand breaks (81). METH was found to cause
DNA breaks in a fashion similar to what has been reported during apoptosis. bcl-2 overexpression also
attenuated these changes.

Additional confirmation that METH can cause apoptosislike changes was provided by DNA gel
electrophoresis, which shows a ladder-type pattern that is also consistent with the apoptotic nature of
the process involved in METH-induced cellular damage. These ladder patterns were not observed in
bcl-2 overexpressing cells. We confirmed the apoptotic nature of METH-induced cellular damage by
staining cells with acridine orange in order to assess morphological changes. METH was found to
cause chromatin condensation and nuclear fragmentation in a very high percentage of the cells. All of
these changes were abrogated in bcl-2 overexpressing cells.

Therefore, using cytometry, fluorescence microscopy, and DNA electrophoresis, we have been able
to provide concordant evidence that METH kills cells via a process that involves internucleosomal
DNA breaks and chromatin condensation, all of which are consistent with an apoptotic process. The
present results indicate, in addition, that the use of METH can cause activation of caspase-activated
DNase (CAD) that has been shown to be involved in fragmenting DNA after treatment with apoptosis-
causing agents (86,87). Nevertheless, the possibility that METH might have blocked the synthesis of
inhibitors of CAD such as ICAD (87) needs also to be taken into consideration.

5.2. Involvement of p53
p53 is a tumor-suppressor gene whose activation has been associated with apoptosis (88–92). Muta-

tions in the p53 gene have been identified in both inherited and sporadic forms of cancer (93–96).
Moreover, the wild-type p53 protein has been shown to be involved in both apoptosis and cell-cycle
arrest after toxic insults (89,91,94,96). Exposure of cells to γ-irradiation or etoposide causes DNA
damage that is associated with accumulation of p53 protein (97–99). Depending on the extent of DNA
damage, p53 activation can cause apoptosis instead of cell-cycle arrest (89,91,92,96,100). Although
the involvement of p53 in cell death and toxicity has been assessed mostly through in vitro experi-
ments, we reasoned that this process might be a more general phenomenon associated with the cell-
death cascade, neurotoxicity, or neurogeneration in vivo. We thus postulated that if the p53 protein is
an important determinant of METH-induced neurotoxicity, animals lacking the gene for the p53 pro-
tein should show protection against the toxic effects of the drug. Our results support this prediction and
demonstrate that the p53-knockout phenotype, in fact, does attenuate the long-term neurotoxic effects
of METH on striatal dopaminergic terminals and on midbrain DA cell bodies (28).

These results were the first demonstration that the long-term deleterious effects of a drug acting on
dopaminergic systems could be attenuated by the absence of the p53 protein in mice engineered not to
produce that protein. We also showed that METH could cause accumulation of p53. It is thus tempting
to speculate that the loss of DA terminals induced by the administration of METH may be associated
with a process that resembles apoptosis. This idea is consistent with the idea of synaptic apoptosis
recently promulgated by Mattson et al. (101).

The manner by which METH causes increased accumulation of p53 is not clear. However, the
possibility that this might be in response to the acute oxidative stress caused by the drug should be
considered (102). For example, METH is known to cause marked increases in the release of DA
within the striatum (47,63). The metabolic breakdown of DA leads to the generation of oxygen-
based free radicals such as the superoxide anion (O2·–) and hydrogen peroxide (H2O2) with subse-
quent formation of hydroxyl radicals (23,49,50,54). Hydroxyl radicals could then cause DNA
lesions, which are known to be associated with the accumulation of p53 in vitro (97–99). This rea-
soning suggests that other processes that are thought to involve free-radical formation might be
attenuated in p53–/– mice or could lead to p53 accumulation in vivo. This is indeed the case, because
postischemic neuronal damage is attenuated in p53–/– mice (103), and excitotoxic damage, which is
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thought to involve free-radical production (104), is also associated with p53 protein accumulation
(105). This reasoning is supported further by the recent observation that excitotoxic damage by
kainic acid is prevented in p53–/– mice (106). It is therefore important to note that the use of gluta-
mate antagonists has been shown to prevent the toxic effects of METH on dopaminergic systems
(61,62). It has also been reported that the administration of toxic doses of METH is associated with
increases in the extracellular levels of glutamate in the striatum (107). Thus, either the persistent
oxidative stress caused by the increase in DA metabolism, the possible excitotoxic damage caused
by increased glutamate level, or both could cause the increase in p53-like immunoreactivity after
METH administration. The increase in p53 in intrinsic striatal cells might also be of relevance to our
recent observation that METH can cause apoptosis of intrinsic striatal cells (76).

It is also of interest to relate the observed protection against METH-induced toxicity in the p53-
knockout mice to recent reports that these mice show decreases in Bax protein, but no changes in
bcl-2 in their brains (108). Because Bax is a known inhibitor of the antioxidant effects of bcl-2 and a
promotor of apoptosis (109), it is possible that the protective effects observed in the knockout mice
might be the result of the relative greater abundance of bcl-2 in these animals (108). This reasoning
is consistent with our recent demonstration that bcl-2 can protect against the apoptotic effects of
METH in vitro (81).
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Methamphetamine Toxicity

Roles for Glutamate, Oxidative Processes, and Metabolic Stress

Kristan B. Burrows, PhD and Bryan K. Yamamoto, PhD

1. INTRODUCTION

Methamphetamine (MA) is a sympathomimetic amine with potent effects on the peripheral and
central nervous systems, resulting in psychomotor activation, mood elevation, anorexia, increased
mental alertness, enhanced physical endurance, and hyperthermia. The mood-elevating and positive-
reinforcing effects most likely contribute to the high abuse liability of this drug. Indeed, MA abuse has
increased across the United States at an alarming rate since the late 1980s. MA-related emergencies
have increased sixfold in the past decade and 4–5 million people in the United States now report using
MA at some time in their lives (1), highlighting the urgency for research on the pharmacology and tox-
icity of this drug.

Preclinical studies have revealed that single or repeated administration of a high dose of MA is neu-
rotoxic to both rodents and nonhuman primates. High doses of MA result in a long-lasting depletion of
dopamine (DA) content and a decrease in the appearance of other markers associated with DA neuro-
transmission in the striatum (Table 1). In contrast, DA terminals outside the extrapyramidal motor sys-
tem are relatively unaffected. In recent years, similar changes in the striatal DA system have been
found in human MA abusers (11,12). In contrast to this selective destruction, MA administration is
also associated with widespread decreases in serotonin (5-HT) terminal markers in areas including the
cortex, striatum, hippocampus, amygdala, hypothalamus, thalamus, and brainstem (8,13). Because
these biochemical effects have been reported to endure for months (14,15), these changes are well
accepted as evidence of neurotoxicity (for review, see ref. 16). Owing to the similarity between the rel-
atively selective destruction of the striatal DA system in Parkinson’s disease and following MA admin-
istration, a majority of the research on the underlying mechanisms of MA toxicity has focused on the
ability of MA to damage DA terminals. Although damage to 5-HT terminals has been thoroughly char-
acterized, less is known about factors mediating the toxicity to the 5-HT system after MA. Therefore, a
major focus of this chapter will be on mechanisms of damage to DA neurons. The differences between
this damage and damage to 5-HT neurons are addressed in the last section of the chapter.

Because amphetamines produce a massive release of DA, DA itself has been implicated in mediat-
ing the long-term effects of MA neurotoxicity. There is considerable evidence that DA can produce
neurotoxicity (17–19). Furthermore, inhibition of dopaminergic transmission through the inhibition of
tyrosine hydroxylase (20), the blockade of transporter-mediated DA release with uptake blockers
(6,20,21), and antagonism of DA receptors (22–24) all attenuate the long-term DA depletions pro-
duced by MA. However, high extracellular DA alone does not account for the toxicity of substituted
amphetamines (25,26). For example, although the local perfusion of MA into the striatum produces a
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marked and sustained increase in DA release, intrastriatal MA perfusion does not produce long-term
depletions of striatal DA or 5-HT tissue content (25). Consequently, additional factors likely mediate
MA-induced damage to brain monoaminergic systems.

Glutamate and other excitatory amino acids have been linked to a number of neurodegenerative
disorders, including Huntington’s disease, brain hypoxia/ischemia, and epilepsy (27,28). Glutamate
also appears to mediate the toxicity produced by MA. Sonsalla et al. (29) were the first to implicate
excitatory amino acids by demonstrating that an N-methyl-D-aspartate (NMDA) receptor antagonist,
MK-801, blocks the decreases in tyrosine hydroxylase activity and DA tissue content after MA.
Their original findings have since been extended by others using both noncompetitive and competi-
tive NMDA receptor antagonists (30–32). Our laboratory was the first to demonstrate that MA itself,
or d-amphetamine administered to iprindole-treated rats, increases the extracellular concentration of
striatal glutamate measured in vivo (33,34). These results have been confirmed subsequently by oth-
ers (35–37). We have recently examined the acute and long-term effects of systemic administration
of MA compared to the local intrastriatal perfusion of MA. Although both routes of administration
acutely increase DA release to a similar degree, only the systemic administration of MA increases
extracellular concentrations of glutamate and produces lasting depletions in striatal DA content (25).
These results support the hypothesis that glutamate release is obligatory in the neurotoxic cascade
that follows MA administration, but the mechanisms that appear to culminate in excitotoxicity and
damage the nigrostriatal DA system are still unclear.

2. BRAIN CIRCUITRY AND MECHANISMS OF GLUTAMATE RELEASE

Although evidence indicates that MA does not directly increase the release of glutamate in the stria-
tum (25), several studies suggest that activation of the corticostriatal pathway following MA adminis-
tration may be responsible for increased striatal extracellular glutamate concentrations. The increases
in striatal extracellular glutamate that are typically observed after MA are tetrodotoxin (TTX) sensitive
(Fig. 1), suggesting that MA-induced changes in glutamate are impulse mediated. Moreover, unilateral
ablation of motor and premotor cortexes decreases striatal glutamate acitivity by eliminating a major-
ity of corticostriatal efferents (38) and protects against MA-induced damage to DA terminals (Fig. 2).
In addition, MA treatment increases extracellular concentrations of glutamate and decreases glutamate
immunolabeling of nerve terminals in both the motor cortex and striatum, suggesting that a release of
neuronal glutamate occurs in both these regions (36,39,40).

The presence or absence of increases in glutamate release within specific cortical subregions may
be predictive of dopaminergic damage in their respective terminal fields. For example, the medial pre-
frontal cortex and nucleus accumbens are DA-rich areas resistant to the toxic effects of MA (41).
Accordingly, MA does not alter extracellular glutamate concentrations within the medial prefrontal
cortex or within its primary target, the nucleus accumbens (9,42). In contrast, we have found that a
neurotoxic regimen of MA produces a gradual but marked and significant increase in extracellular glu-
tamate concentrations in the somatosensory (parietal) cortex of the rat (Fig. 3). A delayed rise in extra-
cellular glutamate concentrations also occurs in the lateral striatum (33,42), the major terminal field of

Table 1
Evidence for Damage to DA and 5-HT Nerve Terminals Following
MA Administration

• Loss of DA uptake sites (2)
• Flurescent swollen tyrosine hydroxylase-positive axons (3)
• Fink–Heimer silver staining (4,5)
• Decrease in tyrosine hydroxylase-immunoreactive fibers (6,7)
• Depletion of DA and 5-HT tissue concentrations (4,8–10)
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these cortical regions (43). MA also produces silver staining and reactive gliosis in these striatal and
cortical regions, suggestive of a correlation between glutamate release and lasting neuronal damage
(6,44,45). In addition, MA alters binding to NMDA receptors specifically within the striatum and
somatosensory cortex (46) and degenerates cell bodies in this cortical region (47,48). Together, these
data indicate that MA increases glutamatergic activity, specifically within the corticostriatal pathway,
that, in turn, may produce damage to dopaminergic striatal nerve terminals and nonmonoaminergic
cortical cell bodies.

Fig. 1. Intrastriatal perfusion with TTX+ and Ca2+-free medium blocks the increase in extracellular glutamate
levels following repeated administration of MA (arrows indicate injection of 7.5 mg/kg MA at times 0, 120, and
240 min). Bar indicates time of perfusion.

Fig. 2. Unilateral cortical ablation prevents the loss of striatal DA content 1 wk following MA administration
(10 mg/kg × 4 doses over 8 h). Removal of cortical inputs to the striatum did not alter DA tissue content. *p<0.05
verses other groups.
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Activation of the outflow pathways of the basal ganglia and the subsequent stimulation of thalamo-
cortical and corticostriatal projections are indirect mechanisms through which MA may increase stri-
atal glutamate release. Along these lines, O’Dell et al. (49) demonstrated that excitotoxic lesions of
striatal output neurons prevents MA toxicity, indicative of the necessity for an intact extrapyramidal
outflow loop to mediate MA-induced damage to striatal DA terminals. This is consistent with the
observation that MA-induced glutamate release is dependent on DA receptor activation because D2
receptor antagonism with haloperidol attenuates the increase in extracellular glutamate concentrations
following systemic MA (10).

The substantia nigra pars reticulata and globus pallidus are major targets of the efferent projec-
tions from the striatum (43) that send convergent inputs to the ventral thalamus (50,51). The ventral
thalamus then diverges to cortical areas (51,52), which, in turn, project back to the striatum (53,54).
The convergence of striatal efferent outflow onto the ventral thalamus makes this a unique area to
target for the examination of changes in striatal activity. Figure 4A illustrates that corticostriatal
glutamate release in modulated by a series of nigrothalamic, thalamocortical, and corticostriatal
pathways. In fact, these pathways appear to mediate amphetamine-induced ascorbate release from
corticostriatal terminals (55). We have found that MA administration (10 mg/kg, ip, every 2 h over
a 6-h period), significantly decreases the extracellular concentrations of γ-aminobutyric acid
(GABA) in ventral thalamus as measured by in vivo microdialysis (40). One interpretation is that
MA disinhibits the ventral thalamus through decreases in GABA efflux from nigrothalamic neu-
rons. The decreased GABA efflux may be the result of an increase in DA transmission produced by
MA in the basal ganglia. A hypothesized scenario is that the MA-induced increase in nigral DA
transmission, via D1 receptor activation in the substantia nigra pars reticulata, stimulates GABA
release (56–58) and GABA-mediated inhibition of these nigral neurons (59). Consequently, the
activation of GABAA receptors in the substantia nigra (60) will inhibit GABAergic nigrothalamic
transmission and ultimately increase corticostriatal glutamate release (Fig. 4B). Collectively, these
data suggest that MA indirectly increases the excitatory drive to the cortex via activation of the stri-
atal output neurons, leading to stimulation of corticostriatal glutamate activity and toxicity to
dopamine terminals in the striatum.

Fig. 3. Administration of MA (arrows indicate injection of 7.5 mg/kg MA at times 0, 120, and 240 min)
increased extracellular glutamate levels in the partietal cortex. This rise temporally correlates with the increase in
striatal glutamate (see Fig. 1).
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3. MECHANISMS OF METHAMPHETAMINE TOXICITY

As discussed above, increases in the extracellular concentrations of both DA and glutamate within
the striatum appear to contribute to MA-induced damage to dopaminergic nerve terminals. Many of
the manipulations used to identify the role of DA in mediating MA-induced damage also modify MA-
induced changes in the extracellular concentrations of glutamate. These findings suggest that the
release of both DA and glutamate are obligatory in the MA toxicity cascade (9,10,33,34). For example,
D2 receptor blockade decreases glutamate release in the striatum without altering DA overflow,
whereas administration of a DA uptake inhibitor decreases the ability of MA to release DA without
affecting the striatal increase in glutamate efflux (10). Although these treatments differentially affect
the release of DA and glutamate, both are neuroprotective and demonstrate the importance of these
neurotransmitters as comediators of MA toxicity.

There are several ways that the actions of DA and glutamate may synergize to mediate the toxicity
of MA. High-dose MA treatment has been found to induce the endogenous formation of oxidizing
compounds in brain regions susceptible to toxicity (61,62), implicating oxidative stress as an underly-
ing cause of terminal damage. In support of this finding, DA exacerbates glutamate-induced cell death
in vitro via an oxidative mechanism (63). Dopaminergic lesions of the nigrostriatal pathway in vivo
decreases the excitotoxic effect of intrastriatal infusion of excitatory amino acids (64,65), further
implicating interactions between DA and glutamate in MA toxicity. In addition, efflux of both gluta-
mate and DA can lead to the formation of reactive oxygen species and a shift in mitochondrial mem-
brane potential to compromise mitochondrial function and produce metabolic stress and subsequent
cell death (66–69).

Overall, there is substantial support for the hypothesis that increased DA and glutamate efflux leads
to excitotoxic, oxidative, and metabolic stress and that substrates that attenuate the consequences of
such stressors (glutamate receptor antagonists, antioxidants, free-radical scavengers, or substrates for
the electron-transport chain) are neuroprotective. Evidence for the ability of DA and glutamate to
induce excitotoxic, oxidative, and metabolic stress, as well as evidence for their involvement in MA
toxicity, are discussed below (Fig. 5).

Fig. 4. Circuitry diagram demonstrating the hypothesized effects of striatal activation on glutamate release
from corticostriatal afferents. (A) Under normal conditions, tonic activity in the substantia nigra regulates both DA
and glutamate release in the striatum; (B) following MA, increased DA release in the striatum inhibits GABAergic
outflow from the substantia nigra and leads to disinhibition of thalamocortical afferents and subsequent activation
of the corticostriatal pathway.
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3.1. Excitotoxicity
Increased extracellular glutamate concentrations and overstimulation of ionotropic glutamate recep-

tors leads to a cascade of events that culminate in excitotoxic cell death (for review, see refs, 70 and 71).
Initially, stimulation of α-amino-3-hydroxy-5-methyl-4-isoazole propionic acid (AMPA) receptors
increases intracellular Na+, resulting in depolarization and removal of the voltage-gated Mg+ block from
the NMDA receptor channel (72). Further glutamate stimulation at the NMDA receptor increases intra-
cellular Ca2+ and a subsequent sequestration of Ca2+ within the mitochondira via activation of a Ca2+-
ATPase. Because the oxidation of pyruvate drives both Ca2+ sequestration and ATP synthesis, an
increase in intracellular Ca2+ can shift the balance between these two processes and interrupt ATP syn-
thesis. This eventually leads to the depletion of energy stores, collapse of the mitochondrial membrane
potential, and a consequent rise in intracellular Ca2+ levels as Ca2+ is released from mitochondrial stores.

The NMDA receptor activation and elevated levels of intracellular Ca2+ that result from increased
extracellular glutamate concentrations can activate a number of enzymes, including calpain, endonu-
cleases, phospholipase A2, xanthine oxidase, nitric oxide synthase, and arachidonate (73,74). Each of
these enzymes can elicit a sequence of destructive events that lead to the formation of intracellular
reactive oxygen species and eventual cell death (27,70). In addition, the free-radical species that are
generated further enhance glutamate release, inhibit glutamate reuptake (75–77), and thus promote a
feed-forward cycle to augment glutamate-mediated damage.

A consequence of an increase in intracellular Ca2+ is the activation of a Ca2+-dependent protease,
calpain. Calpain activation is mediated by excitatory amino acid release and results in the proteolysis
of axonal spectrin, a major component of the cytoskeleton (78,79). Activation of calpain is a primary
mechanism that contributes to several types of neurodegenerative condition, including glutamate-
induced neurotoxicity associated with traumatic brain injury, ischemia, and hyperthermia (80–83).
Glutamate-mediated activation of calpain also catalyzes the conversion of xanthine dehydrogenase to

Fig. 5. Glutamate and dopamine contribute to MA toxicity by influencing several factors, including excitotoxic
stress, oxidative stres, and metabolic stress.
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xanthine oxidase. Xanthine oxidase, in turn, promotes the catabolism of xanthine and hypoxanthine to
uric acid, yielding oxygen free radicals in the process (84). We have recently shown that MA treatment
increases the concentration of uric acid in the striatum, providing evidence that glutamate-mediated
excitotoxic stress accompanies MA administration (85).

In summary, excitotoxic mechanisms may underlie, in part, the damage to dopaminergic nerve ter-
minals following high-dose MA administration. MA-induced neurotoxicity specifically involves the
activation of several glutamate-mediated enzymes, including calpain, xanthine oxidase, and nitric
oxide synthase (see Section 3.2). Activation of these enzymes, and other glutamate- and Ca2+- medi-
ated systems, could result in the formation of reactive oxygen species. Together with free radicals that
may be formed as a result of increased DA release, these neurotoxic oxygen species can actively par-
ticipate in cell death.

3.2. Oxidative Stress
There is indirect and direct evidence that MA produces oxidative stress. Oxidative stress is defined

as the cytotoxic consequences of reactive oxygen species (e.g., ·O2
–, ·OH) generated as byproducts of

oxidative metabolism. Evidence that indirectly supports the contention that MA leads to oxidative
stress is that MA administration results in the production of hydroxy1 radicals (·OH) in the striatum
(85–87). Conversely, antioxidants (e.g.,ascorbic acid) and the spin-trap agent, phenyl-t-butylnitrone,
prevent the striatal toxicity produced by MA (85,88,89). Overexpression of the human Cu/Zn-superox-
ide dismutase gene, which degrades ·O2

–, also confers protection against the DA-depleting effects of
MA (90). In addition, because it is thought that the immediate early gene c-fos plays a protective role
in the brain by activating a variety of antioxidant enzyme systems (91,92) or by increasing the levels of
trophic factors in the brain (for review, see ref. 93), the induction of c-fos following MA administration
(94–96) and the exacerbation of toxicity in c-fos knockout mice (97) further support for the role of
oxidative processes in MA-induced damage.

More direct evidence of free-radical-mediated damage by MA would indicate the presence of oxi-
dized proteins (protein nitration), lipids (lipid peroxidation), and DNA (nucleotide oxidation) (98). In
fact, all three types of cellular damage occur after MA administration. DA-dependent intracellular oxi-
dataion following exposure to MA produces degeneration of neurite outgrowth in DA neuron cultures
(99) and induces apoptosis in intrinsic nondopaminergic neurons in the striatum and frontal cortex of
mice in vivo, as determined by TUNEL staining for DNA fragmentation (97). Additionally, MA treat-
ment increases lipid peroxidation in the striatum as evidenced by an increase in malonyldialdehyde
production (85,100). Conversely, inhibition of lipid peroxidation attenuates the toxicity produced by
MA (101). Furthermore, MA treatment results in protein nitration as evidenced by the formation of 3-
nitrotyrosine from peroxnitrite production (102,103).

The mechanistic underpinnings of MA-induced oxidative stress may involve dopamine and gluta-
mate. The increase in cytosolic and extracellular DA produced by MA may induce cytotoxicity via the
generation of free-radical species and quinones. DA is enzymatically metabolized to form H2O2 that is
then nonenzymatically catalyzed by iron to form ·OH (29). In addition, DA autoxidation produces
cytotoxic quinones, which attack thiol-containing proteins and result in the formation of 5-cysteinyl
adducts of DA (104). Consistent with these in vitro findings, intrastriatal injection of high concentra-
tions of DA results in neurotoxicity and in the in vivo formation of protein-bound cysteinyl adducts of
DA, both of which are prevented by the coadministration of antioxidants (105). Similar to the effects
of MA administration in vivo, free radicals and DA quinones rapidly decrease DA transporter function
and inactivate tyrosine hydroxylase in vitro (106–108). Therefore, the massive increase in the extracel-
lular concentrations of DA, such as that produced by MA, could result in the production of hydroxyl
free radicals, oxidative stress, and eventual damage to DA terminals.

A compromise in endogenous antioxidant mechanisms (e.g., glutathione) by MA may also con-
tribute to oxidative stress. MA decreases glutathione peroxidase activity (109). Although total
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glutathione content in the striatum is reduced in the long run after MA (110), we have shown that
both reduced glutathione and oxidized glutathione are acutely increased in the striatum following a
neurotoxic regimen of MA (111), it is possible that MA-induced oxidative stress results in the rapid
recruitment of the endogenous glutathione antioxidant system followed by a lasting decrease asso-
ciated with neurotoxicity and long-term dopaminergic damage.

Glutamate and glutamate receptor activation also can cause neuronal death through these oxidative
mechanisms (112). Several lines of evidence indicate that glutamate exposure and subsequent nitric
oxide production lead to a depletion of endogenous antioxidant and energy stores and an accumulation
of intracellular peroxides leading to oxidative stress and cell death—a phenomenon known as oxida-
tive glutamate toxicity (113). Glutamate-mediated activation of NMDA receptors, neuronal NOS, and
the production of excess nitric oxide (114) can produce neurotoxicity (115,116). Nitric oxide reacts
with ·O2

– to form the oxidant, peroxynitrite (ONOO–) (112,117). Peroxynitrite and its decomposition
product nitrite may contribute to toxicity via oxidation of DA and protein modification (118). Con-
versely, inhibition of nitric oxide synthesis by administration of the neuronal NOS inhibitor 7-nitroin-
dazole, in vivo, protects against DA damage caused by MPTP administration (119,120) and attenuates
excitotoxicity following intrastriatal administration of NMDA (116). Moreover, inhibition of neuronal
NOS also protects against MA-induced toxicity both in vitro and in vivo (121–124) presumably result-
ing from the attenuation of hydroxyl radical formation and the consequent decrease in formation of 8-
hydroxy-2-deoxyguanosine as well as 3-nitrotyrosine (116,120).

In general, a substantial amount of evidence supports the hypothesis that MA administration leads
to the endogenous formation of reactive oxygen species through both dopaminergic and glutamatergic
mechanisms and that these reactive compounds mediate toxicity to dopaminergic nerve terminals.
However, intimately related to the glutamate-dependent dependent production of oxidative stress and
its role in MA toxicity are the effects of glutamate on cellular bioenergetics and the production of
metabolic stress.

3.3. Metabolic Stress
Mitochondrial dysfunction, metabolic stress, and disruption of bioenergetic systems that result from

high concentrations of extracellular glutamate also contribute to MA-induced neurotoxicity. Alterations
in brain energy utilization by low doses of amphetamine and related analogs were reported originally in
the 1970s. The results of these early experiments show that low doses of amphetamine and MA rapidly
increase metabolism in the cerebral cortex or the whole brain as measured by lactate formation and
changes in high-energy substrates such as ATP and phosphocreatine (125). More recent studies have
demonstrated that amphetamine and MA increase local cerebral glucose utilization in multiple brain
regions within 45 min of drug administration (126,127). In contrast, high-dose treatment with MA
decreases cerebral glucose metabolism for weeks to months following drug administration, suggesting
that initial increases in energy utilization are followed by lasting impairments in metabolism (128).

Methamphetamine and amphetamine alter energy utilization in a brain-region-specific manner, in
that acute increases in glucose utilization appear to be greatest in those brain regions most susceptible
to the toxic effects of MA. Our laboratory has demonstrated that MA increases the extracellular con-
centrations of lactate in the striatum but not in the prefrontal cortex, the latter area being relatively
resistant to the long-term DA-depleting effects of MA (129). MA also rapidly and transiently
decreases complex IV (cytochrome-c oxidase) activity and ATP concentrations in the striatum but not
the hippocampus, a region resistant to the DA-depleting effects of MA (130,131). Because brain-
region-dependent changes in metabolism appear to be correlated with depletions of DA, the selective
effect of MA-induced energy consumption and subsequent energy depletion may be related to MA-
induced glutamate release, oxidative stress, and the long-term depletions of DA.

Stimulant-induced increases in the extracellular concentrations of monoamines may contribute to
mitochondrial inhibition. Elevated extracellular DA may compromise mitochondrial function via
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autoxidation to form quinones and/or the enzymatic degradation of DA to form H2O2 and the gener-
ation of hydroxyl radicals (132,133). This hypothesis is especially interesting given the finding that
decreased cytochrome-c oxidase activity is restricted to DA-rich brain regions (striatum, nucleus
accumbens, and substantia nigra) (130). Reactive oxygen species and DA-derived quinones are
known to directly inhibit mitochondrial enzymes associated with energy production (66,134,135).
Although DA-mediated inhibition of energy production has not been demonstrated to occur in vivo,
in vitro incubation of rat brain mitochondria with DA or DA-derived quinones decreases state 3
(ATP-synthesis coupled) and increases state 4 respiration (67). These studies indicate that reactive
DA byproducts may increase proton leakage across the mitochondrial membrane and inhibit the pro-
duction of energy stores.

Several additional mechanisms could underlie the compromise in metabolic function that follows
MA administration. Psychostimulants may increase neuronal energy utilization through the sustained
sodium-dependent reversal of monoamine transporters, hyperlocomotion, and the production of hyper-
thermia (136–138). The majority of ATP in the neuropil is devoted to the maintenance of ion (e.g.,
Na+) gradients and the restoration of the membrane potential following depolarization (139–142).
Therefore, sustained activation of the ATP-dependent Na+/K+-ATPase following prolonged neuro-
transmitter release may lead indirectly to the depletion of substrates for the electron-transport chain.
Such a decrease in available precursors may slow or halt the production of ATP through a decline in
complex IV activity.

Depletion of striatal ATP stores could significantly contribute to elevated glutamate levels and
further potentiate damage following MA administration (for review, see ref. 27). For example, a loss
of Na+/K+ ATPase activity could lead to depolarization and release of neuronal glutamate from
vesicular stores. In addition, energy failure could contribute to excess extracellular glutamate levels
by disrupting or reversing the ATP-dependent glutamate transporter. The conversion of glutamate to
glutamine in glia is also ATP dependent. Thus, depletion of energy stores could increase intraglial
concentrations of glutamate. Increased intracellular glutamate concentrations could disrupt the con-
centration-dependent uptake of glutamate into glia, resulting in the accumulation of extracellular
glutamate. Thus, in addition to activation of the corticostriatal pathway, MA administration could
lead indirectly to elevated extracellular glutamate concentrations by disrupting bioenergetic systems
and depleting energy (ATP) stores.

As discussed previously, increased extracellular glutamate concentrations after MA and subsequent
NMDA receptor activation may lead to metabolic inhibition via classic excitotoxic mechanisms.
Direct inhibition of mitochondrial function induces NMDA receptor-mediated excitotoxic damage that
has similarities with damage resulting from MA administration. Almeida et al. (143) reported that neu-
rons exposed to glutamate in vitro had decreased glutathione and ATP content, increased lactate dehy-
drogenase activity, decreased mitochondrial enzyme activity (succinate cytochrome-c reductase and
cytochrome-c oxidase), and decreased oxygen consumption. Interestingly, increases in the extracellu-
lar concentrations of lactate, decreases in ATP content, and inhibition of cytochrome-c oxidase have all
been found to occur in vivo following MA administration (129–131). Similarly, local striatal perfusion
of mitochondrial inhibitors acutely increases the extracellular concentration of DA and glutamate,
depletes ATP, and produces an accumulation of lactate (25,144–146). The long-term effects of mal-
onate infusions include damage to striatal DA and, to a lesser extent, 5-HT terminals and a potentiated
depletion of DA produced by both systemic and central administration of MA (25,147). Furthermore,
removal of excitatory corticostriatal afferents or administration of glutamate receptor antagonists
attenuates striatal damage induced by either MA or the metabolic inhibitors malonate and 3-nitropro-
prionic acid (148,149). In addition, MA toxicity appears to be dependent on an increase in the release
of nitric oxide, via glutamate activation of NMDA receptors, and the subsequent activation of the NOS
pathway (150–152). The subsequent production of nitric oxide can lead to the formation of reactive
oxygen species (peroxynitrite) and to mitochondrial dysfunction by directly inhibiting complex IV of
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the electron-transport chain, cytochrome-c oxidase (151,153). Thus, metabolic stress appears to be an
important mediator in the excitotoxicity following direct inhibition of mitochondrial enzymes by mal-
onate or 3-nitroproprionic, or indirectly following MA administration.

Several studies have demonstrated that manipulation of energy availability, via metabolic inhibition
or support of bioenergetic systems, can alter the lasting effects of MA administration. Chan et al. (131)
reported that inhibition of metabolism by pretreatment with 2-deoxyglucose exacerbates both MA-
induced ATP loss and long-term reduction of striatal DA content (but see ref. 155). Similarly, the local
inhibition of complex II via intrastriatal perfusion with malonate synergizes with the local administra-
tion of MA to enhance DA toxicity compared to the perfusion of either drug alone (25). Conversely,
pretreatment with nicotinamide attenuates both the acute decrease in striatal ATP and the lasting DA
depletions following amphetamine administration (155). In addition, the local intrastriatal perfusion of
substrates for the electron-transport chain (ubiquinone or nicotinamide) for several hours following
MA administration attenuates the long-term loss of DA content (129). Taken together, these data indi-
cate that metabolic deficits and a depletion of energy stores is critical to the loss of monoamine nerve
terminals following amphetamine and that the restoration or supplementation of energy production can
attenuate the toxicity to MA.

4. GLUTAMATE MEDIATION OF DOPAMINE AND 5-HT TOXICITY

Although MA has been found to damage DA terminals in the striatum and 5-HT terminals in multi-
ple brain regions, factors that mediate damage to these monoamine systems may differ on a fundamen-
tal level. A growing body of evidence suggests that DA-containing nerve terminals are inherently more
vulnerable to damage following metabolic inhibition compared with 5-HT containing terminals. Addi-
tionally, increased extracellular glutamate may have a more direct effect in mediating toxicity to DA
systems following MA administration.

Glutamate overflow and subsequent activation of the NOS pathway may differentially mediate DA
and 5-HT toxicity. Glutamate overflow is not correlated with the depletion of 5-HT content in different
brain regions after MA. In fact, 3,4-methylenedioxy-methamphetamine (MDMA), a more selective 5-
HT toxin structurally similar to MA, damages striatal 5-HT terminals but does not result in glutamate
overflow in this region (33) Abekawa et al. (149) report that administration of the NOS inhibitor L-
NAME protects against MA-induced DA loss in the striatum, but it does not attenuate 5-HT toxicity in
the striatum, nucleus accumbens, and medial frontal cortex of the same animals (150). However, pre-
treatment with a different NOS inhibitor, Nω-nitro-L-arginine (L-NOARG), partially protects against
long-term 5-HT depletion induced by MDMA in frontal cortex and parietal cortex, but not in other
brain regions (152). The interaction between glutamate and lasting depletion of 5-HT may, therefore,
be brain region dependent.

The differential role of glutamate in mediating DA versus 5-HT toxicity also is evidenced by the
inherent vulnerabilities of these systems to metabolic stress. In cultured mesencephalic neurons and
synaptosomal preparations, inhibitors of oxidative phosphorylation decrease DA uptake to a greater
degree compared to uptake of GABA, 5-HT, and norepinephrine (156). Inherent differences in the
effects of mitochondrial inhinition on neurotransmitter release in vivo may predict lasting toxicity to
these systems. MA decreases cytochrome-c oxidase activity in DA-rich areas, but not in regions where
MA toxicity manifests as a loss of 5-HT (130), implicating DA release in mediating metabolic stress
following MA. Furthermore, the local perfusion of the succinate dehydrogenase inhibitor malonate
increases DA overflow more than 100-fold, whereas 5-HT release increases merely 5-fold (157). In
addition to differentially affecting the release of monoamines, intrastriatal infusions of malonate pref-
erentially damage DA systems compared to GABA- or 5-HT-containing nerve terminals (25,157,158).
Coperfusion of MA and malonate synergize to produce even greater depletions of DA without affect-
ing 5-HT tissue levels (25,157), suggestive of the correlation between the degree of transmitter release
and the differential toxic profiles of mitochondrial inhibitors on monoamine systems.
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The possible mediation of serotonergic damage by extracellular glutamate is less studied and
remains unclear. However, there is some evidence that indicates an NMDA receptor mediation of 5-HT
loss. Pretreatment with the NMDA receptor antagonist MK-801 blocks both 5-HT and DA loss after
MA, and 5-HT depletion following MDMA (159). However, the protective effects of MK-801 may be
related to the attenuation of stimulant-induced hyperthermia and, thus, may not be selectively medi-
ated by the glutamate pathway (160–162). Further studies are necessary to clarify the mechanism by
which glutamate receptor antagonists convey neuroprotection.

The majority of available data are consistent with the conclusion that dopaminergic neurons are
inherently more sensitive than 5-HT neurons to damage mediated by metabolic stress. In addition,
vulnerability to mitochondrial inhibition may underlie DA-specific neurodegenerative disorders such
as Parkinson’s disease (163). Although the etiology of the vulnerability of DA versus 5-HT neurons
to excitotoxic, metabolic, and oxidative insults is not known, the ability of DA to autoxidize, com-
bined with the enzymatic oxidation of DA to form H2O2, may lead to elevated concentrations of
intracellular reactive oxygen species that render DA neurons more vulnerable to metabolic inhibition
or excitotoxic events.

5. CONCLUSIONS

Substantial evidence supports the hypothesis that an increase in extracellular glutamate following
MA administration is an obligatory step in the cascade of events culminating in striatal DA terminal
loss. Several different mechanisms may contribute to this rise in extracellular glutamate, including a
circuit-mediated increase in corticostriatal activity, a decrease in glutamate uptake into glia, and an
increase in vesicular release following disruption of the membrane potential via a loss of Na+/K+-
ATPase activity. Increased glutamate overflow likely contributes to the toxicity of amphetamines by
initiating an excitotoxic response. Together, MA-mediated DA release and NMDA receptor activation
can lead to the formation of intracellular reactive oxygen species and inhibition of metabolic function.
Both oxidative and metabolic stress have been implicated in mediating the damage to DA terminals
following MA administration, and substrates that attenuate the consequences of such stressors (antiox-
idants, free-radical scavengers, or substrates for the electron-transport chain) are neuroprotective.
Additional evidence points to an inherent vulnerability of DA terminals to metabolic stress when com-
pared with 5-HT systems, suggesting that factors which mediate the neurotoxic effect of MA on DA
and 5-HT terminals may be substantially different.

Although the toxicity of MA was first recognized almost 30 yr ago (164,165), the mechanisms cul-
minating in DA loss are still under investigation. Recent evidence of DA terminal dysfunction in
human MA abusers (11,12,166) indicates that MA abuse may have lasting consequences. It is not
known if MA abuse is a risk factor in Parkinson’s disease. Nevertheless, the possibility exists that MA-
induced damage to the nigrostriatal DA system could result in an earlier onset of symptoms in individ-
uals predisposed to develop Parkinson’s disease. Further clinical and preclinical studies are obviously
necessary to elucidated the risks, consequences, and treatment of stimulant-induced damage to the
nigrostriatal DA system. A more basic understanding of factors that influence changes in the dopamin-
ergic and serotonergic systems following MA exposure will hopefully lead to novel therapies designed
to reverse or attenuate the excitotoxic, metabolic, and oxidative effects of this abused drug.
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Nitric Oxide-Dependent Processes in the Action 

of Psychostimulants

Yossef Itzhak, PhD, Julio L. Martin, PhD and Syed F. Ali, PhD

1. INTRODUCTION

Nitric oxide (NO) is considered a retrograde messenger involved in synaptic plasticity and neuro-
toxicity (1–3). In the brain, NO is generated by the neuronal, inducible, and endothelial isoforms of
nitric oxide synthase (nNOS, iNOS, and eNOS, respectively). nNOS and eNOS are calcium depen-
dent, whereas iNOS, present primarily in microglia and macrophages, is calcium independent. There is
a particular interest on the role of nNOS in central nervous system (CNS) pathology because the stim-
ulation of nNOS is associated primarily with the activation of the N-methyl-D-aspartate (NMDA) type
of glutamate receptors. The increase of calcium influx caused by NMDA receptor activation leads to
binding of calcium to calmodulin, which then stimulates nNOS (1–3). L-arginine is the substrate of
NOS; the conversion of L-arginine to L-citrulline causes the release of NO. Several studies have indi-
cated that NO modulates the release of various neurotransmitters such as dopamine, gultamate, and
norepinephrine (4–6). Thus, there is a reason to consider NO as a major neuromodulator of synaptic
transmission in brain.

Psychostimulants such as cocaine and methamphetamine (METH) cause an increase in synaptic
dopamine (DA) level in the caudate nucleus (dorsal striatum) and nucleus accumbens (NAc; ventral
striatum). Cocaine binds to the dopamine transporter and blocks the reuptake of DA. Amphetamines not
only inhibit the reuptake of DA but also cause further release of DA via reversal of the DA transporter.

Psychostimulant-induced augmentation in extracellular DA level with in the NAc, after repeated
administration of the drug, is one leading hypothesis that pertains to psychostimulant-induced behav-
ioral sensitization (7–9). However, other studies have shown persistent behavioral sensitization that
coincides with diminished DA response in the NAc (10). In recent years, increasing evidence suggests
the involvement of excitatory amino acids (e.g., glutamate and glutamate receptor subtypes) in the
induction and expression of sensitization to psychostimulants (11,12). For example, the induction of
behavioral sensitization to cocaine and amphetamine appears to involve activation of NMDA and non-
NMDA glutamate receptors, as well as DA receptors (13–15; and chapter7).

Because evidence has linked the activation of NMDA receptors to the stimulation of nNOS, we
hypothesized that NO is involved in the effects of psychostimulants. To test this hypothesis, we inves-
tigated the effect of nNOS inhibitors on (1) the psychomotor-stimulating effect of cocaine and METH,
(2) the rewarding effect of cocaine, and (3) the dopaminergic neurotoxicity caused by a high dose of
METH. In addition, we investigated the effects of cocaine and METH on mice deficient of the nNOS
gene—nNOS knockout mice. Both the pharmacological and genetic manipulation of nNOS support
the hypothesis that nNOS plays a major role in the psychomotor-stimulating and rewarding effects of
psychostimulants as well as in METH-induced dopaminergic neurotoxicity.
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2. NO IS REQUIRED FOR THE INDUCTION AND EXPRESSION 
OF BEHAVIORAL SENSITIZATION TO PSYCHOSTIMULANTS

2.1. Sensitization to Cocaine and Methamphetamine
Postsynaptic DA receptors in the dorsal striatum and NAc are thought to be involved in psychostim-

ulant-induced hyperactivity (16). The D1-class receptors may have a more prominent role than the D2-
like DA receptors in the action of psychostimulants (17). However, repeated exposure to
psychostimulants that cause behavioral sensitization is more complex and apparently involves multiple
neurotransmitter systems. The development of behavioral sensitization to amphetamines has been
linked to an amphetamine-induced psychosis in humans (7,11,18,19) and the development of drug
craving (11,20).Behavioral sensitization that develops in animal models may persist for a long period,
suggesting that drug-induced neuroadaptation, cellular changes, and neural plasticity produced by
chronic drug use are long-lasting. An important aspect in the development of behavioral sensitization
to psychostimulants is the emergence of a context-dependent locomotion or conditioning. Pairing a
specific environment with the injection stimulus of the psychostimulant results in augmentation in
locomotor activity when the animals are paired again in the same environment but with a saline injec-
tion. This paradigm is thought to be relevant to drug-seeking behavior and relapse in association with a
specific environment (21,22).

2.2. Effect of 7-Nitroindazole on Cocaine- and 
Methamphetamine-Induced Sensitization

To investigate the role of NO in the development of sensitization to cocaine and METH, we first
examined the effect of the nNOS inhibitor 7-nitroindazole (7-NI) on the psychomotor-stimulating
effect of these drugs. Swiss Webster mice were injected with (1) vehicle/saline (control), (2)
vehicle/cocaine (15 mg/kg) once a day, (3) 7-NI (25 mg/kg)/cocaine, and (4) 7-NI/saline for 5 consec-
utive days. Injections were paired with the locomotor-activity cages (test cage) on the first day and the
fifth day, whereas the other injections were delivered in the home cage. This regimen allowed the
development of conditioned locomotion as determined by the administration of saline injection in the
test cage (23). Animals treated with vehicle/cocaine developed marked locomotor sensitization to a
challenge cocaine (15 mg/kg) (Fig. 1) and cross-sensitization to challenge METH (0.5 mg/kg) injec-
tion given after a 10-d drug-free period. This treatment also produced context-dependent hyperloco-
motion as evident by the sensitized response to a challenge saline injection given on d 8 in the test cage
(23). The pretreatment with 7-NI 30 min before cocaine administration (for 5 d) completely blocked
the induction of sensitization to cocaine (Fig. 1), the cross-sensitization to METH, and the conditioned
locomotion (23). In addition, the coadministration of 7-NI with cocaine on d 5 blocked the expression
of the sensitized response to cocaine. 7-NI when given alone, either acutely or repeatedly for 5 d, had
no significant effect on locomotor activity (23). Similarly, mice treated with METH (1 mg/kg) for 5 d
developed sensitization to challenge METH (0.5 mg/kg) (Fig. 1), cross-sensitization to challenge
cocaine (15 mg/kg), and context-dependent hyperlocomotion. The pretreatment with 7-NI attenuated
the sensitized response to METH (Fig. 1) and the cross-sensitization to cocaine as revealed after a 10-
d drug-free period. However, 25 mg/kg 7-NI did not block the conditioned hyperlocomotion caused by
pairing METH injections with the test cage (23).

The findings that 7-NI blocked (1) the sensitized response to cocaine and METH on d 5 and
(2) the sensitized response to a challenge injection of the drugs on d 15 (Fig. 1) suggest that
the nNOS inhibitor blocked the expression and induction of sensitization to psychostimulants.
However, 7-NI had a differential effect on the conditioned locomotion caused by cocaine and
METH; the nNOS inhibitor attenuated only the conditioned hyperlocomotion caused after cocaine
administration.
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2.3. Effect of Cocaine on nNOS (–/–) Mice
To further investigate the role of NO in the induction and expression of behavioral sensitization to

cocaine, we studied the effect of repeated cocaine administration to nNOS(–/–) mice (24). nNOS(–/–)
and wild-type mice were administered cocaine (15 mg/kg) for 5 d. Injections were paired with the
locomotor activity cages on d 1 and 5. Male nNOS(–/–) mice were as sensitive to the acute effect of
cocaine on d 1 as the wild-type mice. However, they did not develop a sensitized response to cocaine
either on d 5 or d 15 after a 10-d drug-free period (Fig.2). Also, the male nNOS(–/–) mice did not
develop conditioned hyperlocomotion (24).Female nNOS(–/–) mice did not show hyperlocomotion
after the administration of 15 mg/kg cocaine on d 1, nor did they develop a sensitized response to 15
mg/kg cocaine given on d 5 or 15, after a 10 d drug-free period (Fig.2). The female nNOS(–/–) mice
were responsive only to the high dose of 30 mg/kg cocaine (24).In contrast to the nNOS(–/–) mice,
heterozygote nNOS(+/–) mice (male and female) developed a sensitized response to cocaine (15
mg/kg) as for wild-type mice (24).

Investigation of [3H] cocaine disposition in the striatum and frontal cortex of the nNOS(–/–),
nNOS(+/–), and wild-type mice revealed neither gender nor strain differences in the drug disposition
(24). Also, striatal DA levels and its metabolites [determined by high-performance liquid chromatogra-
phy (HPLC)] and the DA transporter-binding sites (determined by [3H] mazindol binding) in the
nNOS(–/–), nNOS(+/–), and wild-type mice were very similar, suggesting no major differences
between nNOS(–/–) and wild-type mice in the development of the striatal dopaminergic system (24).

Fig. 1. Effect of 7-NI on cocaine- and METH-induced locomotor sensitization. Swiss Webster mice were
treated with either vehicle/saline (control), vehicle/cocaine (15 mg/kg), 7-NI (25 mg/kg)/cocaine, vehicle/METH
(1.0 mg/kg), or 7-NI/METH for 5 d. After a 10-d drug-free period, animals were challenged with either cocaine
(15 mg/kg) or METH (0.5 mg/kg). Locomotor-activity counts were measured by infrared cell beam interruption
(30 min for cocaine and 60 min for METH). The sensitized response to cocaine and METH was attenuated in the
groups pretreated with 7-NI, suggesting a blockade of the induction of sensitization. *p<0.05 compared to vehi-
cle/saline group. (Results adapted from ref. 23.)
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The only difference found between the nNOS(–/–)and wild-type mice was the absence of [3H]L-
nitroarginine-binding sites in the striatum of nNOS(–/–) mice (24).This finding confirmed the absence
of nNOS in the knockout mice compared to the wild-type mice. Thus, the resistance of the nNOS (–/–)
mice to cocaine-induced behavioral sensitization is primarily the result of the deletion of the nNOS
gene rather than alterations in basal dopaminergic activity. Taken together, it appears that the pharma-
cological blockade of nNOS by 7-NI and the genetic manipulation of nNOS resulted in a similar out-
come with respect to cocaine sensitization.

Fig. 2. Effect of repeated cocaine administration to nNOS(–/–) and wild-type nNOS(+/+) mice. Animals were
administered cocaine (15 mg/kg) for 5 consecutive days. After a 10-d drug-free period, they were challenged with
cocaine (15 mg/kg). Locomotor activity was measured on d 1,5, and 15. In the nNOS(–/–) mice, cocaine-induced
locomotor activity was on d 5 and 15 was not significantly different from d 1, suggesting a lack of sensitization to
cocaine. The female nNOS(–/–) were less responsive to cocaine compared to the male nNOS(–/–) mice. In the
nNOS(+/+) mice (male and female), cocaine-induced locomotor activity on d 5 and 15 was significantly higher
compared to d 1 (p < 0.05), suggesting the development of sensitization to cocaine. (Data adapted from ref. 24.
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3. NO IS INVOLVED IN THE REWARDING EFFECTS OF COCAINE,
ALCOHOL, AND NICOTINE, BUT NOT IN THE AVERSIVE EFFECT OF LiCl

3.1. Effect of 7-Nitroindazole on the Acquisition of Reward and Aversion
Repeated administration of a drug with rewarding properties in a specific environment (e.g., black

or white compartment of a cage) causes conditioned place preference (CPP). A drug with aversive
properties such as LiCl elicits conditioned place aversion (CPA); animals spend less time in the drug-
paired compartment compared to the time they spent in the same compartment before drug administra-
tion. The rewarding effect of cocaine, alcohol, and nicotine was investigated in the CPP paradigm
(25–27). In the first experiment, Swiss Webster mice were treated with cocaine (20 mg/kg) in one
compartment of the cage and with saline in the other compartment. Drug and saline injections were
given in alternate days for a total of 8 d; there were four drug sessions and four saline sessions. On d 9,
animals received a saline injection and had the choice of moving freely between the two compartments
of the cage. Cocaine-experienced mice spent significantly more time in the drug-paired compartment
compared to the time they spent in the same compartment before the CPP (increase of 192 ± 12 s; Fig.
3). Animals pretreated with the nNOS inhibitor 7-NI (25 mg/kg) 30 min before cocaine did not show
any preference to the drug-paired compartment, suggesting that inhibition of nNOS blocked the
rewarding effect of cocaine (Fig.3). Animals treated with 7-NI/saline did not show preference for the
drug-paired compartment, suggesting that 7-NI alone has no rewarding or aversive properties (25). In a
second experiment, the effect of 7-NI on alcohol-induced CPP was investigated (26). DBA mice were

Fig. 3. Effect of 7-NI on cocaine-induced CPP and LiCI-induced CPA. Swiss Webster mice were administered
vehicle/cocaine (20 mg/kg), 7-NI (25 mg/kg)/cocaine, vehicle/LiCl (150 mg/kg), or 7-NI (25 mg/kg)/LiCI every
other day for 4 d; vehicle/saline injections were given in alternate days for 4 d. On the test day, vehicle/cocaine-
treated mice developed significant preference for the drug-paired compartment (*p<0.01) compared to the time
spent in the same compartment before the CPP. The vehicle/LiCI-treated mice developed significant aversion from
the drug-paired compartment compared to the time spent in the same compartment before the CPA. 7-NI pretreat-
ment completely blocked cocaine-induced CPP, but it had no effect on LiCI-induced CPA. (Date adapted from ref.
25 and 27.)
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treated with either vehicle/ethanol(2.5 g/kg) or 7-NI (25 mg/kg)/ethanol and confined to one compart-
ment of the cage for 10 min. After 6 h, animals received vehicle/saline injections and were confined to
the other compartment. There was a total of four drug and four saline sessions. On the test day, DBA
mice showed a clear preference for the ethanol-paired compartment, suggesting the development of
CPP. The pretreatment with 7-NI completely blocked ethanol-induced CPP (26). In the third experi-
ment, the effect of 7-NI on the rewarding effect of nicotine and the aversive effect of LiCl was investi-
gated (27). Swiss Webster mice were treated with (1) vehicle/nicotine (0.5 mg/kg),(2) 7-NI (25
mg/kg)/nicotine, (3) vehicle/LiCl (150 mg/kg), and (4) 7-NI (25 mg/kg)/LiCl. Drug and vehicle/saline
injections were given on alternate days for a total of 8 d. Nicotine produced a significant CPP in Swiss
Webster mice, whereas LiCl produced marked aversion from the drug-paired compartment (Fig.3 and
ref. 27). The pretreatment with 7-NI completely blocked nicotine-induced CPP, but it had no signifi-
cant effect on LiCl-induced CPA (Fig. 3 and ref. 27). Taken together these findings indicate that the
blockade of nNOS by 7-NI attenuates the rewarding effects of cocaine, ethanol, and nicotine. The
observation that 7-NI had no effect on LiCl-induced aversion suggests that NO has rather a specific
role on reward-processing mechanisms. One possibility is that inhibition of nNOS modulates
dopaminergic transmission associated with the rewarding effects of cocaine, ethanol, and nicotine. The
acquisition of CPP and CPA requires the application of learning and memory. The finding that 7-NI
had differential effect on the acquisition of CPP and CPA suggests that the blockade of drug-induced
CPP by 7-NI is not due to impairment of learning and memory.

3.2. Absence of Cocaine-Induced CPP in nNOS(–/–)Mice
The role of nNOS in the rewarding effect of cocaine was further investigated in nNOS(–/–) mice

(25). Knockout mice (male and female) and wild-type mice were treated with cocaine (20 mg/kg) in
one compartment of the cage and with saline in the other compartment. Following four cocaine ses-
sions and four saline sessions, animals were tested for the development of CPP. The wild-type mice
developed marked CPP, as was evident by a significant increase in the time spent in the cocaine-paired
compartment on the test day. However,the nNOS (–/–) mice did not develop CPP; they spent the same
amount of time in the cocaine-paired compartment as they did before the injections of cocaine were
initiated (25). Thus, both the pharmacological blockade of nNOS by 7-NI and the deletion of the
nNOS gene resulted in a similar outcome with relevance to cocaine-induced reward.

4. ROLE OF nNOS IN METHAMPHETAMINE-INDUCED 
DOPAMINERGIC NEUROTOXICITY

4.1. Amphetamines-Induced Neurotoxicity and Free Radicals
In addition to the development of addiction to the rewarding effects of amphetamines, data from

animal and human studies suggest that they produce dopaminergic and serotoninergic neurotoxicity.
Various substituted amphetamines have a differential effect on dopaminergic and serotoninergic trans-
mission. METH causes toxic effects on both DA and 5-HT neurons in animals (28–30). Anatomic evi-
dence of METH-induced neurotoxicity stems from studies showing degeneration of nerve fibers
(31–32) and loss of tyrosine hydroxylase (33)and 5-HT-immunoreactive axons and axon terminals
(34). Also, depletion in dopaminergic markers in postmortem chronic METH users had been reported
(35). Recent PET studies in METH users showed significant decrease in striatal DA transporters(36).

The mechanism(s) underlying the neurotoxicity of substituted amphetamines is unclear. Increases
in the level of the neurotransmitters DA (37–38), serotonin (39,40), and glutamate (41–43) have been
implicated in METH-induced neurotoxicity. Recently, increasing evidence suggests the involvement of
free radicals and, specifically, reactive oxygen species in the neurotoxic effects of METH (44–47). The
hypothesis that DA depletion may be associated with oxidative stress has been extended to the patho-
physiology of Parkinson’s disease (48).
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Peroxynitrite (ONOO–), formed from the interaction between NO and superoxide radicals, is con-
sidered as a major neurotoxin (49). NO has a major role in excitotoxic neuronal injury. Overstimula-
tion of nNOS leads to activation of the nuclear enzyme poly(ADP-ribose) synthase that leads to energy
depletion and cell death (50). The blockade of nNOS by 7-NI reduced NMDA receptor-mediated for-
mation of hydroxy radicals and neurotoxicity (51); cortical cultures from nNOS knockout (KO) mice
were protected from NMDA receptor-mediated neurotoxicity (52). The role of NO/peroxynitrite in
MPTP-induced dopaminergic neurotoxicity is evident from the findings that the nNOS inhibitor 7-NI
blocked MPTP-induced neurotoxicity in mice (53) and primates (54), and nNOS KO mice were pro-
tected from MPTP neurotoxicity (55).

We hypothesized that a similar mechanism may underlie the protective effect of nNOS inhibition
against METH-, glutamatergic-, and MPTP-induced neurotoxicity (e.g., diminished production of
superoxide radicals and peroxynitrite). This hypothesis is supported by findings suggesting the
involvement of NO/peroxynitrite in amphetamines neurotoxicity: (1) NOS inhibitors blocked METH-
induced neurotoxicity in cultures of fetal rat mesencephalon (56); (2) repeated administration of
amphetamine to rats increased the production of NO in the striatum and cortex (57,58); (3) METH-
induced neurotoxicity in mice was associated with a marked increase in striatal peroxynitrite (59) and
3-nitrotyrosine (60), which is a marker form peroxynitrite formation; (4) inactivation of tyrosine
hydroxylase caused by peroxynitrite-induced nitration (61,62) and increase in the vulnerability of
dopaminergic neurons to cell loss after exposure to peroxynitrite (63) are believed to be associated
with METH neurotoxicity; (5) the nNOS inhibitor 7-NI blocked METH neurotoxicity in vivo (64,65).

4.2. Methamphetamine-Induced Hyperthermia
The role of temperature in amphetamine-induced neurotoxicity has been extensively investigated.

Several studies have demonstrated that attenuation of METH-induced hyperthermia protected against
METH neurotoxicity (66–69). Other evidence, however, suggests mechanism(s) of protection that is
independent of a change in body temperature (70). Recently, it became debatable whether 7-NI protec-
tion against METH neurotoxicity is dependent on attenuation of METH-induced hyperthermia. In our
initial study, we found that a single injection of 7-NI (25 mg/kg) had no effect on METH-induced
hyperthermia (64). DiMonte et al. (65) also reported that 7-NI afforded protection in a temperature-
independent manner. However, others reported that 7-NI (50 mg/kg) produced hypothermia, and it was
suggested that the protective effect of 7-NI is due to attenuation of METH hyperthermia (71).

4.3. Effect of Various nNOS Inhibitors on Methamphetamine-Induced 
Hyperthermia and Neurotoxicity

Recently, we compared the effect of multiple injections of a low dose (25 mg/kg) and a high dose
(50 mg/kg) of 7-NI on METH-induced hyperthermia (72). Results are summarized in Table 1.
Whereas three injections of the low dose of 7-NI had no effect on normal body temperature, the high
dose produced hypothermia (Table 1). The low dose of 7-NI did not affect METH-induced hyperther-
mia after the first and second injection, but it attenuated the hyperthermia caused by the third METH
injection (Table 1). This finding suggests that the effect of the third injection may be due to accumula-
tion of 7-NI. This assumption is supported by the finding that the high dose of 7-NI (50 mg/kg) blunted
the hyperthermia caused after the first injection of METH and, subsequently (the third injection of the
high dose), caused hypothermia (Table 1). Thus, there is a marked difference in the response to 25 and
50 mg/kg 7-NI, and the major difference between our first published study (64) and the report by
Callahan and Ricaurte (71) is the dosage of 7-NI. Whereas the total amount of 7-NI we used in the
original study was 75 mg/kg (25 mg/kg × 3), the total amount used in the Callahan and Ricaurte study
was 200 mg/kg (50 mg/kg × 4). Clearly, the low dose of 7-NI had a minimal effect on METH-induced
hyperthermia (only after the third injection), whereas the high dose had an immediate hypothermic
effect (Table 1). However, one may argue that even attenuation of the hyperthermia caused by the last



236 Itzhak, Martin, and Ali

injection of METH may be regarded as a thermoregulator effect that contributed to neuroprotection. To
address this issue, we investigated the effect of two other nNOS inhibitors, 3-Br-7-nitroindazole (3-Br-
7-NI) and S-methylthiocitrulline (SMTC) on METH-induced hyperthermia and depletion of dopamin-
ergic markers (72).

3-Br-7-NI is considered a selective nNOS inhibitor which is more potent than 7-NI (73). First, we
investigated the effect of a single injection of 20 mg/kg 3-Br-7-NI on striatal nNOS activity. Thirty
minutes following the administration of the nNOS inhibitor, mice were sacrificed and the striatum was
prepared for nNOS enzyme assays. Using a concentration of 3 µM L-[3H]arginine (equal to the Km

value), we found 63 ± 5% inhibition of enzyme activity compared to control value (28.3±3.5 pmol/mg
protein/min). Thus, we chose the dose of 20 mg/kg for the subsequent experiments. Three injections of
3-Br-7-NI (20 mg/kg) had no effect on normal temperature (Table 1). The pretreatment with 3-Br-7-NI
(20 mg/kg) 30 min before each METH injection (5 mg/kg) had no effect on the persistent hyperther-
mia caused by METH (Table 1). However, 3-Br-7-NI provided protection against the depletion of
dopaminergic markers in the striatum (Table 1). These findings suggest that inhibition of nNOS pro-
vided protection against METH neurotoxicity with no thermoregulator effect.

S-Methylthiocitrulline is a potent nNOS inhibitor with 17-fold selectivity for nNOS compared to
eNOS (74). A dose of 10 mg/kg SMTC provided protection against MPTP neurotoxicity (75). Three
consecutive injections of SMTC (10 mg/kg) affected neither normal body temperature nor METH-
induced hyperthermia (Table 1). However, SMTC afforded protection against depletion of dopaminer-
gic markers in the striatum (Table 1). These findings further support the hypothesis that inhibition of
nNOS does not blunt METH hyperthermia, but it affords protection against METH neurotoxicity.

4.4. Susceptibility of nNOS(–/–) Mice to Methamphetamine-Induced 
Dopaminergic Neurotoxicity and Hyperthermia

To investigate whether nNOS(–/–) mice are resistant to METH-induced dopaminergic neurotoxic-
ity, the effect of multiple injections of METH (5 mg/kg × 3) on nNOS (–/–), nNOS(+/–), and
nNOS(+/+) mice was investigated (76). Whereas nNOS(–/–) mice were completely protected against
depletion of dopaminergic markers (Fig. 4), a limited depletion (25–35%) was observed in nNOS(+/–)
mice and a large depletion (up to 68%) was observed in the nNOS(+/+) mice (Fig. 4).

Previously, we have shown that the first injection of METH did not produce hyperthermia in the
nNOS(–/–) mice, but it caused the same increase in temperature of the nNOS(+/–) and nNOS(+/+)
mice (76). Yet, the nNOS(+/–) mice were relatively protected against neurotoxicity compared with the
wild-type mice (76). It is possible that complete deficiency in nNOS brings about more resistance to
hyperthermia and neurotoxicity, whereas pharmacological manipulation of nNOS and “partial abla-
tion” of nNOS [e.g., nNOS(+/–)] provide protection against METH neurotoxicity without any effect
on METH-induced hyperthermia. Recently, we investigated the effect of the first, second, and third
injections of METH (5 mg/kg each) on the body temperature of the nNOS(–/–) and wild-type mice.
The results are summarized in Fig. 5. Although the first injection of METH to nNOS(–/–) mice had no
significantly effect on temperature, the second and the third injections raised the temperature signifi-
cantly to a similar extent as in the wild-type mice (Fig. 5). Thus, it appears that the nNOS(–/–) mice
are not completely resistant to METH-induced hyperthermia; rather, there is a progressive increase in
their sensitivity to hyperthermia. Accordingly, the resistance of the nNOS(–/–) mice to METH-induced
dopaminergic neurotoxicity is not entirely due to the absence of METH-induced hyperthermia but
rather to the reduced level of NO and probably to the diminished production of peroxynitrite.

5. CONCLUSIONS

The involvement of nNOS in the psychomotor-stimulating effects of cocaine and methampheta-
mine is supported by the findings that (1) the nNOS inhibitor 7-NI blocked the induction and expres-
sion of locomotor sensitization to cocaine and methamphetamine and (2) of the resistance of the
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Fig. 4. Effect of METH on depletion of dopaminergic markers in nNOS(–/–) and wild-type (WT) mice. Ani-
mals received 5 mg/kg METH (ip; q3h × 3) and sacrificed after 72 h. Striatal content of dopamine (DA) and its
metabolites 3,4–dihydroxyphenylacetic acid (DOPAC) and homovanilic (HVA) were quantified by HPLC/electro-
chemical detection. The density of the dopamine transporter (DAT) binding sites was determine by [3H]mazindol
binding in the presence of desipramine. Results are presented as the percentage of control (saline) values for each
group of mice. Whereas the level of dopaminergic markers in the nNOS(–/–) mice were not significantly affected
by METH treatment, a depletion of 60–65% was observed in the WT mice. *p < 0.02 compared to control values.
(Data adapted from ref. 76.)

Fig. 5. Effect of METH on rectal temperature of nNOS(–/–) and wild-type mice. Animals received 5 mg/kg
METH (ip; q3h × 3). Rectal temperature was measured before METH administration (time 0) and then after 30, 60,
and 120 min following each injection of METH. The first injection of METH had no significant effect on rectal tem-
perature of the nNOS (–/–) mice, but it caused significant hyperthermia in the wild-type mice (*p < 0.05 compared to
time 0). However, the second and third injections of METH caused significant hyperthermia in both the nNOS(–/–)
and wild-type mice (*p < 0.05 compared to time 0). Arrows represent time of METH (5 mg/kg) injections.
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nNOS(–/–) mice to cocaine-induced locomotor sensitization. The role of nNOS in the rewarding effect
of cocaine and other abused substances (e.g., alcohol and nicotine) is suggested by the following
observations. (1) The nNOS inhibitor 7-NI blocked cocaine-, ethanol-,and nicotine-induced CPP. (2)
7-NI had no effect on LiCI-induced conditioned placed aversion. (3) nNOS(–/–) mice were resistant to
cocaine-induced conditioned place preference. The involvement of nNOS in methamphetamine-
induced dopaminergic neurotoxicity is supported by the findings that (1) several nNOS inhibitors such
as 7-NI, 3-Br-7-NI, and SMTC attenuated the depletion of dopaminergic markers with no significant
effect on METH-induced hyperthermia and (2) nNOS(–/–) were resistant to METH-induced dopamin-
ergic neurotoxicity. In all the behavioral paradigms tested and in the neurochemical studies, there was
a good correlation between the pharmacological blockade of nNOS and the deletion of the nNOS
gene. Therefore, nNOS has an important role in mediating both the rewarding and neurotoxic effects
of psychostimulants. Further studies are necessary to determine whether selective nNOS inhibitors
may be useful therapeutics for the management of addiction to psychostimulants.
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on the Blockade of Cocaine-Induced Behavioral 
Toxicity in Mice
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I. INTRODUCTION

Abuse of cocaine can produce many adverse effects, including convulsions and lethality, especially
in overdose situations. Previous efforts to develop pharmacotherapies for cocaine overdose have been
limited in success, and there are, currently no effective treatments for this medical emergency. Much
of the immediate toxicity associated with a cocaine overdose results from overstimulation of the cen-
tral and peripheral nervous systems. Resultant symptoms such as tachycardia, hypertension, hyper-
thermia, seizures, respiratory depression, and cardiovascular collapse, if severe enough, can lead to
death. All of the aforementioned symptoms of a serious cocaine overdose involve processes that are
regulated by glutamatergic systems (1–4), which appear overactivated in an overdose situation. There-
fore, even if cocaine does not appear to directly bind to glutamate receptors, antagonism of these
receptors is a viable drug development strategy for cocaine overdose by preventing and reversing end-
stage events such as convulsions, respiratory distress, and cardiovascular collapse that immediately
precede death (Fig. 1).

Many studies have now implicated glutamate receptors in the behavioral toxicity of cocaine and
have evaluated the potential utility of glutamate antagonists, particularly N-methyl-D-aspartate
(NMDA) receptor antagonists for the treatment of overdose. Because many excellent reviews are
available on this and related topics (5–7), this chapter focuses on the utility of recently character-
ized NMDA/glycine-site antagonists for the treatment of cocaine overdose. For comparison, the
effects of targeting other sites on the NMDA receptor complex and other glutamatergic receptors
are also summarized.

2. COCAINE AND NMDA RECEPTORS

2.1. Overview of Glutamate Receptors and Importance of NMDA Receptors
The classification of glutamate receptor subtypes and the molecular subunits that can assemble

together to form them are summarized in Fig. 2. As described in earlier chapters in this volume, glu-
tamate receptors can be classified as ionotropic or metabotropic receptors. Ionotropic receptors are
ligand-gated ion channels that are comprised of five subunits. The ionotropic receptors for glutamate
are further subdivided into NMDA and non-NMDA receptors, with additional subtypes of non-
NMDA ionotropic glutamate receptors being designated as α-amino-3-hydroxy-5-methylisoxazole-
4-proprionic acid (AMPA) or kainate receptors. In their native forms, NMDA receptors are thought
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to contain at least one NR1 subunit, with the rest of the receptor assembled from a combination of
NR2 and NR3 subunits. AMPA receptors, on the other hand, are thought to assemble from combina-
tions of four subunits, designated GluRl–4. In contrast, kainate receptors are formed from subunit
assemblies that may include GluR5–7 and KA1,2.

In contrast to ionotropic receptors, metabotropic receptors are seven transmembrane spanning pro-
teins that are coupled to G proteins. In the case of metabotropic receptors for glutamate, inositol phos-
phate or adenylyl cyclase serve as intracellular second messengers. At least eight subtypes of
metabotropic receptors for glutamate have been cloned (Fig. 2). Although the functional significance
of each of these subtypes is still being delineated (8) based on similarities in sequence homology and
coupling to second-messenger systems, the subtypes have been divided into three groups, designated
groups I–III.

Fig. 1. Hypothesized involvement of NMDA receptors in a cocaine overdose. Cocaine binds to its known tar-
get sites (sigma receptors, monoamine transporters, muscarinic cholinergic receptors, and 5-hydroxytryptamine3

[5-HT3] receptors), which triggers a series of physiological changes eventually leading to the overstimulation of
NMDA receptors. The overstimulation of NMDA receptors is responsible for the onset of many symptoms of a
drug overdose, including convulsions, respiratory depression, and cardiovascular collapse, which if severe enough
can cause death.
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Of the various subtypes of glutamate receptors, the NMDA receptor appears to have a predominant
role during a cocaine overdose, with other glutamate receptor subtypes having a modulatory influence.
These data are summarized in detail in the sections that follow.

2.2. Overview of Drugs Targeting Different Sites on the NMDA Receptor Complex
The NMDA receptor contains several antagonist binding and modulatory sites that can serve as tar-

gets for pharmacotherapies: glutamate-binding sites, glycine coagonist sites, sites within the
ionophore, and allosteric modulatory sites. Antagonists that target each of these sites have been tested
in animal models of cocaine overdose (Table 1). The receptor is depicted schematically in Fig. 3 and
representative antagonists for each of these target sites are listed.

Antagonists that interact with each of the pharmacological binding sites on the NMDA receptor
complex are associated with slightly different subjective effects and side-effect profiles. The
most widely cited examples are the clinically intolerable side effects produced by many NMDA
receptor channel blockers, such as MK-801 (9,10). Competitive antagonists can also produce

Fig. 2. Classification of glutamate receptor subtypes. Different classes of glutamate receptor are shown along
with the molecular subunits and subtypes that comprise each of them.
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clinically unacceptable side effects, although they are generally less severe than those produced by
channel blockers (11,12). In contrast, antagonists that interact with other binding sites on the NMDA
receptor complex, such as the glycine and allosteric modulatory sites, tend to be associated with the
fewest problematic side effects (12–14). One reason for this may be that many channel blockers
act like a switch to turn the receptor “off” when the ionophore is blocked. Given the extensive

Table 1
Summary of Chemical Names of Compounds

NMDA Receptor
Glutamate site

D-AP7 D(–)-2-Amino-7-phosphonoheptanoic acid
CGS 19755 Cis-4-phosphonomethyl-2-piperidine carboxylic acid
CPP 3-(2-Carboxypiperazin-4-yl)-propyl-l-phosphonic acid
LY 235959 3S,4aR,6S,8aR,-6-Phosphonomethyl-decahydroisoquinoline-3-carboxylic acid
LY 233536 6-(1(2)H-Tetrazol-5-yl)methyldecahydroisoquinoline-3-carboxylic acid
LY 274614 6-Phosphonomethyl-decahydroisoquinoline-3-carboxylic acid
NPC 12626 2-Amino-4,5-(1,2-cyclohexyl)-7-phosphonoheptanoic acid
NPC 17742 2R,4R,5S-2-Amino-4, 5-(1,2-cyclohenyl)-7-phophonoheptanoic acid

Glycine site
ACEA-0762 5-Aza-7-chloro-4-hydroxy-3-(m-phenoxyphenyl)quinoline-2(1H)-one
ACEA-1021 5-Nitro-6,7-dichloro-1,4-dihydro-2,3-quinoxalinedione
ACEA-1031 5-Nitro-6,7-dibromo-1,4-dihydro-2,3-quinoxalinedione
ACEA-1328 5-Nitro-6,7-dimethyl-1,4-dihydro-2,3-quinoxalinedione
ACPC 1-Amino-1-cyclopropane carboxylic acid
7-CKA 7-Chlorokynurenic acid
DCQX 6,7-Dichloroquinoxaline-2,3-dione
R(+)-HA-966 R(+)-3-Amino-1-hydroxypyrrolidin-2-one

Channel blockers
ADCI 5-Aminocarbonyl-10,11-dihydro-5h-dibenzo[a,d]cyclohepten-5,10-imine
Dextrorphan (+)-3-Hydroxy-N-methyl morphinan
Ketamine 2-(2-Chlorophenyl)-2-(methylamino)-cyclohexanone
Memantine 3,5-Dimethyladamantan-1-amine
MK-801 (5R,10S)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine
PCP (phencyclidine) 1-(1-Phenylcyclohexyl)piperidine
SKF 10,047 N-Allyl-normetazocine
TCP 1-[1-(2-Thienyl)cyclohexyl]piperidine

Allosteric modulators
CP-101,606 (1S,2S)-1-(4-Hydroxyphenyl)-2-(4-Hydroxy-4-phenylpiperidino)-1-propanol
Eliprodil α-(4-Chlorophenyl)-4-[(4-fluorophenyl) methyl]-1-piperidine ethanol
Haloperidol 4-[4-(4-Chlorophenyl)-4-hydroxy-1-piperidinyl]-1-(4-fluorophenyl)-1-butanone
Ifenprodil 2-(4-Benzylpiperidino)-1-(4-hydroxyphenyl)-1-propanol

AMPA/Kainate Receptor
GYKI 52466 1-(4-Aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine
NBQX 1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide

Metabotropic Receptor
AIDA 1-Aminoindan-1,5-dicarboxylic acid

L(+)-AP-3 2-Amino-3-phosphonopropionic acid
L-CGG-I (2S,1′S,)-2′-(Carboxycyclopropyl)-glycine
(S)-4C3HPG (S)-4-Carboxy-3-hydroxyphenylglycine
S(+)-MCPA (S)-α-Methyl-3-carboxyphenylalanine
MSOP α-Methylserine-O-phosphate

Other
ACEA-1011 5-Chloro-7-trifluoromethyl-1,2,3,4-tetrahydroquinoxaline-2,3,-dione
Riluzole 2-Amino-6-(trifluoromethoxy)-benzothiazole
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distribution of glutamate in the nervous system and its involvement in many vital functions, in terms
of achieving a therapeutic effect, reducing activity at the receptor may be more desirable than shut-
ting off its function. Allosteric modulators, therefore, tend to produce relatively few side effects,
although they are sometimes less efficacious than other classes of NMDA receptor antagonists. In
contrast to switching off the NMDA receptor by blocking the ionophore or subtly modulating its
activity, antagonists that interact with the glutamate and glycine coagonist sites offer better opportu-
nities for precise regulation of the level of activity at the receptor complex. Because glutamate is the
major neurotransmitter for NMDA receptors, interfering with its access to the receptor complex
exerts definite antagonist actions without totally shutting down activity at the receptor, except
perhaps at high antagonist doses. Antagonists that target the glycine coagonist site are thought to
offer additional mechanistic advantages over those blocking the glutamate-binding site. Because the
neurotransmitter actions of glutamate are rapidly detectable (within tens of milliseconds) and it
can exert its actions in many parts of the nervous system, one potential complication of a system of
this sort is that any dysfunction that occurs has the potential to escalate and spiral out of control
very quickly. Because in practice this does not occur as often as might be expected, some sort of
homeostatic mechanism must exist to help maintain activity at the receptor complex within an
acceptable range. We hypothesize that the glycine coagonist site evolved for this function, to serve as
a gain control to increase or decrease activity at the receptor complex within this acceptable range.
As such, antagonism of NMDA/glycine sites would not only reduce activity at the receptor but also
engage homeostatic mechanisms to help self-regulate activity at the receptor to maintain and
re-establish function within an acceptable range. This feature may contribute to the improved thera-
peutic margin and protective actions of NMDA/glycine-site antagonists over many other classes of
NMDA receptor antagonists.

Fig. 3. Pharmacological model of NMDA receptor. There are several ligand-binding and modulatory sites on
the receptor complex that can serve as targets for antagonists. Competitive antagonists interact with the glutamate-
binding site. Antagonists may also bind to the glycine coagonist site. In addition, there are binding sites within the
ionophore that, when occupied, elicits antagonist actions. Antagonists may also act through allosteric modulatory
sites on the receptor complex.
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2.3. Drug Development Potential of NMDA/Glycine-Site Antagonists
Five major structural classes of NMDA/glycine-site antagonists have been identified: indoles,

tetrahydroquinolines, benzoazepines, quinoxalinediones, and pyridazinoquinolines (15). The structural
class most rigorously studied in the context of cocaine is the quinoxalinediones. Confirming data using
drugs from other structural classes are also available and are described in the sections that follow.

A major advantage of NMDA/glycine-site antagonists is that they lack the serious side effects that
have compromised the clinical potential of many antagonists that target other binding sites on the
NMDA receptor complex. NMDA/glycine-site antagonists are bioavailable and well tolerated at thera-
peutic doses in many animal models of neurological disorders, including pain (16–22) epilepsy (23),
parkinsonism (24,25), stroke (26,27), and traumatic head injury (28,29).

In addition, NMDA/glycine-site antagonists do not appear to produce phencyclidinelike effects
that have been problematic for many earlier NMDA receptor antagonists (10,30–32).
NMDA/glycine-site antagonists do not kill neurons in the cingulate and retrosplenial cortex after
repeated administration (33,34). They do not produce psychotomimetic effects in humans (35). They
do not produce discriminative stimulus effects (30,36–39) or other actions associated with rewarding
properties in animals (40,41). Together, these features suggest a highly improved side-effect profile
for NMDA/glycine-site antagonists over other classes of NMDA receptor antagonists that have pre-
viously undergone clinical trials.

As with all NMDA receptor antagonists, a major potential limitation of NMDA/glycine-site antago-
nists is the possibility that they will impair memory and cognitive function with prolonged use.
Because of the well-documented cognitive deficits caused by previously tested classes of NMDA
receptor antagonists, most studies related to the effects of NMDA/glycine-site compounds on learning
and memory have focused on agonists that appear to enhance cognitive function (42–45). However, a
recent study reported that NMDA/glycine-site antagonists and partial agonists can also prevent mem-
ory deficits under certain conditions (46), suggesting that further studies are needed to fully character-
ize the effects of agonists versus antagonists at NMDA/glycine sites on cognitive function.
Nevertheless, given the importance of NMDA receptors in learning and memory, a potential adverse
effect of NMDA/glycine-site antagonists on cognitive function is a complication that may limit their
therapeutic use to acute or short-term administration (14). Therefore, this chapter focuses on the poten-
tial utility of NMDA/glycine-site antagonists, as compared to other glutamate receptor antagonists, for
the treatment of acute cocaine overdose.

3. COCAINE-INDUCED CONVULSIONS

The incidence of convulsions in individuals who abuse cocaine is significant. Cocaine-induced con-
vulsions can result from exposure to large doses of cocaine, typically in an overdose situation. In addi-
tion, convulsions can manifest as a result of kindling, in which increased sensitivity to cocaine is
produced upon repeated exposure to the drug, eventually leading to seizures upon exposure to doses of
cocaine that had previously been subconvulsive. These cocaine-kindled seizures have been associated
with concomitant increases in NMDA receptor binding in the brain (47,48). In addition, NMDA recep-
tor antagonists have been reported to significantly attenuate kindled seizures resulting from subchronic
exposure to cocaine (47,49,50).

N-methyl-D-aspartate receptor antagonists have also been reported to attenuate convulsions
resulting from acute exposure to cocaine. The results from the acute studies are summarized in the
subsections that follow. Most of the acute studies employ a similar methodology involving pretreat-
ment of animals with an antagonist, which is then challenged with a convulsive dose of cocaine.
The percentage of animals exhibiting cocaine-induced convulsions were recorded and reported,
unless otherwise specified.
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3.1. NMDA/Glycine-Site Antagonists and Cocaine-Induced Convulsions
3.1.1. Effects of NMDA/Glycine-Site Antagonists

Many of the NMDA/glycine-site antagonists that have been tested against cocaine-induced convul-
sions have come from the quinoxalinedione structural class. The following quinoxalinediones, which
act as NMDA/glycine-site antagonists, all significantly attenuate cocaine-induced convulsions in mice:
ACEA-1021, ACEA-1031, ACEA-1328, and DCQX (51,52). In addition, the structurally related
NMDA/glycine-site antagonists ACEA-0762 and 7-chlorokynurenic acid and the structurally unrelated
compounds R(+)-HA-966 and ACPC (1-amino-1-cyclopropane carboxylic acid) also significantly
attenuate cocaine-induced convulsions in rodents (51–54 and unpublished data). The protective effects
of a select group of NMDA/glycine-site antagonists against cocaine-induced convulsions in mice are
illustrated in Fig. 4.

3.1.2. Reversal by D-Cycloserine
Two additional lines of evidence suggest that the protective effects of the quinoxalinediones

involve antagonism of NMDA/glycine sites. First, the glycine-site partial agonist D-cycloserine can
pharmacologically antagonize the anticonvulsive effects produced against cocaine by ACEA-1021,
ACEA-1031, and ACEA-1328 (51,52). D-Cycloserine was used to confirm pharmacological antago-
nism in these experiments because its actions are specific to the glycine site on NMDA receptors (as
opposed to glycine that can also act at the classical, strychnine-sensitive glycine receptor) and it is
bioavailable after systemic administration (55). Second, 5-nitroquinoxaline-2,3-dione, a compound
that has very low affinity for NMDA/glycine sites and is lacking substituents at the 6,7-positions [but
is otherwise identical to ACEA-1021, ACEA-1031, and ACEA-1328 (56)], fails to significantly
attenuate cocaine-induced convulsions under comparable conditions (51). This negative control
confirms that simply having a quinoxalinedione structure is not sufficient to attenuate the convulsive

Fig. 4. Effect of pretreatment of NMDA/glycine-site antagonists on cocaine-induced convulsions. Pretreat-
ment of mice with NMDA/glycine-site antagonists (ACEA1021, ACEA1031, ACEA1328, 7-chlorokynurenic acid,
DCQX, (+)-HA-966) reduces the percentage of animals that exhibit cocaine-induced convulsions. Reductions to
50% or lower represent statistically significant changes. Includes data previously reported (51,52).
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effects of cocaine in mice. In order to provide protection, the compounds must antagonize activity at
the NMDA receptor complex.

3.2. Comparison to Other NMDA Receptor Antagonists
Antagonists that target other sites on the NMDA receptor complex, including the glutamate-binding

site, ionophore, and allosteric modulatory sites have also been tested and shown to be capable of atten-
uating cocaine-induced convulsions. These studies are summarized in the following subsections.

3.2.1. Effects of Competitive Antagonists
Competitive antagonists block the access of glutamate to its binding sites on the NMDA receptor

complex. The following competitive antagonists have been reported to significantly attenuate cocaine-
induced convulsions in mice: CGS 19755, CPP, D-AP7, LY 233536, LY 235959, LY 274614, NPC
12626, and NPC 17742 (51,53,54,57,58).

3.2.2. Effects of Channel Blockers
The most widely studied NMDA receptor antagonist is MK-801, a channel blocker that is also

referred to as dizocilpine. Although MK-801 has been reported to significantly attenuate cocaine-
induced convulsions in numerous studies, it is effective only over a very limited dose range
(51,53,54,57–59). In addition, any potential benefits provided by MK-801 are compromised by its
phencyclidinelike side effects and the production of seizures when administered alone at higher doses
(10,51,54). Other classical channel blockers that attenuate cocaine-induced convulsions include TCP,
SKF 10,047, phencyclidine, ketamine, and dextrorphan (54,57,60). However, like MK-801, the thera-
peutic potential of these compounds are compromised by problematic side effects that may include
psychotomimetic effects and abuse potential (61–63).

The clinically available antitussive agent dextromethorphan metabolizes to the NMDA receptor
channel blocker dextrorphan. However, dextromethorphan does not appear to be a promising therapeu-
tic candidate for the treatment of cocaine overdose. At doses that attenuate convulsions in other animal
models of seizure disorders, dextromethorphan (up to 75 mg/kg, ip) fails to significantly attenuate
cocaine-induced convulsions in mice (53 and unpublished data). Furthermore, when it was tested
against nontoxic doses of cocaine, dextromethorphan provided protection at some dose combinations
and exacerbated the actions of cocaine at other dose combinations (64). Because dextromethorphan
possesses multiple mechanisms of action, some of which are not well characterized, it is believed that
some of them may counteract the benefits that are provided through the NMDA blocking actions of the
metabolite dextrorphan.

Memantine and ADCI (5-aminocarbonyl-10, 11-dihydro-5h-dibenzo[a,d]cyclohepten-5,10-imine)
are also NMDA receptor antagonists that act, at least in part, by blocking the ionophore. Both of these
compounds significantly attenuate cocaine-induced convulsions (51,54,65), but they have a much
more favorable side-effect profile than classical channel blockers such as MK-801 (9,66). Memantine
has been used therapeutically in Europe for many years (67). In contrast to MK-801, whose adverse
side effects are thought to be related to its high affinity, slow kinetics, and/or channel-trap mechanism
of block, memantine interacts with moderate affinity, faster kinetics, and partial trapping actions (68).
Therefore, of the various channel blockers, memantine has the most favorable clinical profile, with the
low-affinity channel blocker ADCI also having potential.

3.2.3. Effects of Allosteric Modulators
Compounds that act as allosteric modulators at NMDA receptors, including ifenprodil, eliprodil, Co

101022, CP-101,606, haloperidol, and nylidrin all significantly attenuate cocaine-induced convulsions
(51,54). Furthermore, Co 101022 and haloperidol have been reported to completely eliminate cocaine-
induced convulsions when administered at higher doses (51). Although these compounds are derived
from diverse chemical classes and all have interactions with receptors and binding sites in addition to
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NMDA, the only feature they share in common is their ability to interact with NMDA receptors com-
prised of NR1/NR2B subunits (13,69,70; R. Woodward, CoCensys, Inc., personal communication).
Therefore, it appears that allosteric modulatory sites on the NMDA receptor complex are also targets
for preventing convulsions resulting from a cocaine overdose.

3.3. Comparison to AMPA/Kainate Receptor Antagonists
The ability of NMDA receptor antagonists to attenuate the convulsive effects of cocaine suggests

excessive stimulation of glutamate receptors in an overdose. It is therefore plausible that antagonism
of other glutamate receptors may also have a beneficial effect in an overdose situation. As mentioned
above, glutamate acts through two different ionotropic receptors, namely NMDA and non-NMDA.
The non-NMDA receptors are further divided into two subtypes, AMPA and kainate. Although AMPA
and kainate receptors can be distinguished from one another based on their amino acid sequences and
differential sensitivities to certain drugs, antagonists for AMPA versus kainate receptors are currently
unavailable. This section summarizes data showing that mixed AMPA/kainate receptor antagonists
have no effect on cocaine-induced convulsions on their own, although they can enhance the protective
actions of NMDA/glycine-site antagonists.

3.3.1. Effects of AMPA/Kainate Receptor Antagonists Alone
1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo [f]quinoxaline-7-sulfonamide (NBQX) and

1-(4-aminopheny1)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine (GYKI 52466) are
AMPA/kainate antagonists with high affinity and selectivity for iontropic non-NMDA receptors, as
compared to other glutamatergic receptors (71–73). At doses that provide protective effects in other
animal models of seizure (74,75), GYKI 52466 is unable to significantly attenuate cocaine-induced
convulsions in mice (76). NBQX produces equivocal results, providing protection in some studies
(54) and none at all in others (51,52). These largely negative findings with non-NMDA receptor
antagonists contrast with the ability of NMDA receptor antagonists to consistently mitigate the
behavioral toxicity of cocaine. They are, however, consistent with reports that other non-NMDA
glutamatergic antagonists, such as glutamate release inhibitors and metabotropic antagonists, fail to
inhibit cocaine-induced convulsions (see below). Together, the data suggest that during a cocaine
overdose, a generalized overactivation of all glutamatergic receptors does not occur.

3.3.2. Interaction Between AMPA/Kainate and NMDA Receptor Antagonists
Although, alone, non-NMDA receptor antagonists fail to attenuate cocaine-induced convulsions,

they are capable of enhancing the protective actions of NMDA receptor antagonists. When the
AMPA/kainate receptor antagonist NBQX is combined with the NMDA/glycine-site antagonist
ACEA-1021, its presence improves the protective median effective dose (ED50) for ACEA-1021 (76).
In addition, the mixed NMDA/non-NMDA receptor antagonist ACEA-1011 also provides significant
protection from the convulsive effects of cocaine at doses much lower than would be predicted based
on its potency at NMDA receptors alone (76). Therefore, the data suggest that AMPA/kainate receptor
antagonists have a modulatory influence on the ability of NMDA receptor antagonists to attenuate
cocaine-induced behaviors, an interaction between NMDA and non-NMDA receptors that is similar to
that reported in other systems (77,78).

3.4. Comparison to Metabotropic Receptor Compounds
Metabotropic glutamate receptors can be divided into three groups: group I (mGluR1a–d and

mGluR5a,b), group II (mGluR2 and mGluR3), and group III (mGluR4a,b, mGluR6, mGluR7a,b, and
mGluR8). Using conventional animal models of epilepsy, anticonvulsant effects have been reported
with group I antagonists, group II agonists, and group III antagonists (79–82). Thus far, compounds
specific to any of these groups have not been reported to attenuate the acute convulsive effects of
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cocaine, although it is possible that nonselective metabotropic compounds may possess some antico-
caine activity. These data are summarized in the subsections that follow.

3.4.1. Effects of Systemic Administration
Systemic administration of the metabotropic antagonist L(+)-AP-3 [L(+)-2-amino-3-phosphonopro-

prionic acid] fails to reduce the convulsive effects of cocaine in mice. However, because of uncertain-
ties about the bioavailability of L(+)-AP-3 and other metabotropic glutamate antagonists via this route
of administration (83), they are generally administered via an intracerebral or intracerebroventricular
route when targeting the brain.

3.4.2. Effects of Central Administration
Intracerebroventricular administration of group I antagonists such as AIDA (1-aminoindan-1,5-

dicarboxylic acid) and L(+)-AP-3 fail to alter the convulsive effects of cocaine. Group III antagonists,
including S(+)-MCPA (α-methyl-3-carboxyphenylalanine) and MSOP (α- methylserine-O-phosphate)
are also ineffective against cocaine-induced convulsions. The group II agonist L-CGG-I [(2S,1′S,2′S)-
2-(carboxycyclopropyl)-glycine] likewise fails to prevent the convulsive effects of cocaine. However, intra-
cerebroventricular administration of the mixed group II agonist/group I antagonist (S)-4C3HPG
(4-carboxy-3-hydroxyphenylglycine) is capable of significantly attenuating cocaine-induced convulsions.

Although this initial group of data yielded primarily negative results, additional studies involving
readily bioavailable subtype-specific and nonspecific compounds are still needed to fully evaluate the
role of metabotropic glutamate receptors in cocaine overdose. Moreover, because metabotropic gluta-
mate receptors are generally thought to modulate synaptic transmission (84), they may, similar to
AMPA/kainate receptors, lack efficacy on their own against cocaine-induced convulsions. but they
may modulate the actions of NMDA receptor antagonists. Studies to examine interactions such as
these have yet to be conducted.

3.5. Comparison to Glutamate Release Inhibitors
The glutamate release inhibitor riluzole is unable to attenuate cocaine-induced convulsions (51). It

has also been reported to have no significant effect on seizure latency, and at higher doses, riluzole
worsens the severity of the convulsions (51). Therefore, riluzole does not appear to have much promise
as a pharmacotherapy for treating convulsions resulting from an acute cocaine overdose.

3.6. Summary of Glutamate Antagonists on Cocaine-Induced Convulsions
N-methyl-D-aspartate receptor antagonists attenuate cocaine-induced convulsions in mice regard-

less of the specific site(s) on the receptor complex with which they interact. In contrast with the con-
sistent ability of NMDA receptor antagonists to attenuate the convulsive effects of cocaine, antagonists
at other glutamate receptors, namely, AMPA/kainate and metabotropic, fail to elicit significant protec-
tion against cocaine-induced convulsions. The glutamate release inhibitor riluzole is also ineffective
against cocaine-induced convulsions. Together, the data suggest that there is a somewhat specific over-
activation of NMDA receptors, rather than a global overstimulation of gutamate per se, in association
with a cocaine overdose. Therefore, among the glutamatergic antagonists, NMDA receptor antagonists
are expected to be the most promising pharmacotherapeutic option for treating the convulsive effects
of cocaine. In addition, the ability of the AMPA/kainate antagonist NBQX to enhance the protective
effects of NMDA receptor antagonists suggests that non-NMDA receptors have a modulatory effect.
Therefore, polytherapy involving non-NMDA receptor antagonists may further enhance the protective
actions afforded through NMDA receptor antagonists.

4. COCAINE-INDUCED LETHALITY

Ideally, pharmacotherapies for the treatment of cocaine overdose should protect against the ultimate
toxic endpoint, death. Since death from a cocaine overdose can occur suddenly or with short latency, a
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critical feature of an effective pharmacotherapy is that it be fast-acting. The following sections summa-
rize data demonstrating the ability of NMDA/glycine site antagonists to attenuate cocaine-induced
lethality in mice, with a select group also showing efficacy when administered as a posttreatment.

4.1. NMDA/Glycine-Site Antagonists and Cocaine-Induced Lethality
4.1.1. Effects of Pretreatment

Pretreatment of mice with the following NMDA/glycine-site antagonists have been reported to sig-
nificantly attenuate cocaine-induced lethality: ACEA-1021, ACEA-1031, ACEA-1328, DCQX, and
R(+)-HA-966 (51). In contrast, structurally related quinoxalinediones that lack antagonist actions at
NMDA receptors fail to attenuate the lethal effects of cocaine (51), again emphasizing the importance
of NMDA receptor blocking ability.

4.1.2. Effects of Posttreatment
Posttreatment with ACEA-1021, ACEA-1031, or ACEA-1328 in mice already injected with a nor-

mally lethal dose of cocaine prevents death in a significant proportion of animals (51) (Fig. 5). In these
studies, NMDA/glycine-site antagonists are able to rescue a significant proportion of mice from death
even when the posttreatments are delayed until the mice are already convulsing and expected to live
for only another 2–4 min. To further evaluate the potential utility of these NMDA/glycine-site antago-
nists in overdose situations, in a separate study mice were also first sensitized to cocaine by treating
them with a moderate, initially subconvulsive dose of cocaine for 7 d. Two hours after the last of seven
exposures to cocaine, the mice received an additional normally lethal overdose of cocaine and were
subsequently treated with ACEA-1021 after the onset of convulsions. Despite the severity of the con-
vulsions and the beginning collapse of many organ systems, a significant proportion of mice were res-
cued when posttreated with the NMDA/glycine-site antagonist ACEA-1021 (52). Therefore,
ACEA-1021 appears capable of reversing the lethal effects of cocaine in a murine species and it is pos-
sible that a similar efficacy of this medication may be found in treating cocaine overdoses in humans.
Additional studies in more advanced nonhuman species on the phylogenetic scale are needed to further
evaluate this notion, prior to preliminary tests in humans.

Fig. 5. Effect of NMDA/glycine-site antagonists on cocaine-induced lethality. Pretreatment (white bars) of
mice with NMDA/glycine-site antagonists (ACEA1021, ACEA1031, and ACEA1328) significantly reduces the
percentage of animals that die following a normally lethal dose of cocaine (saline bars). A comparably significant
reduction in deaths from a cocaine overdose is observed even when mice are posttreated (dark bars) with
NMDA/glycine-site antagonists. Antagonist treatments resulting in reductions of 50% or greater are statistically
significant. Includes data previously reported (51,52).
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4.2. Comparison to Other NMDA Receptor Antagonists
4.2.1. Effects of Competitive Antagonists

Pretreatment of mice with the following competitive NMDA receptor antagonists have also been
reported to significantly attenuate cocaine-induced lethality: CPP and D-AP7 (51). Despite their
efficacy, these compounds have not been tested as posttreatments because earlier complications of
competitive antagonists in clinical trials diminish the likelihood that these drugs will become clini-
cally available.

4.2.2. Effects of Channel Blockers
At doses that attenuate the convulsive effects of cocaine pretreatment of mice with NMDA receptor

channel blockers fail to prevent cocaine-induced lethality. In addition to having no effect on the overall
proportion of animals surviving an overdose, MK-801 and memantine also do not alter the latency to
death (51). Although MK-801 produces serious side effects that could conceivably compromise its
ability to prevent death from a cocaine overdose, the inability of the well-tolerated channel blocker
memantine to provide protection demonstrates that improving the side-effect profile of this class of
drugs still does not improve efficacy.

4.2.3. Effects of Allosteric Modulators
Allosteric modulators are somewhat effective in preventing cocaine-induced lethality. At least one

dose of CP-101,606, haloperidol, and ifenprodil have been reported to significantly attenuate cocaine-
induced lethality when they are administered as a pretreatment (51). However, Co 101022 and nylidrin
fail to prevent death in significant proportions of animals, even at doses that protect against cocaine-
induced convulsions (51). The tendency of allosteric modulators to produce variable effects against the
lethal end point as compared to their profound attenuation of the convulsive effects of cocaine may be
attributed in part of the distribution of NR2B subunits in the body. The high concentration of NR2B
subunits in areas of the brain such as the hippocampus and cortex (85) are consistent with the powerful
anticonvulsant actions of this class of drugs. In contrast, the lethal effects of cocaine involve neural
mechanisms in addition to NR2B-related ones (e.g., involvement of medullary respiratory and cardio-
vascular regions) and organ systems in addition to the brain, which may account for the weaker effects
of the allosteric modulators against the lethal effects of cocaine. Differences in the efficacy of
allosteric modulators in preventing cocaine-induced lethality also likely stem from differences in their
ability to interact with receptors and binding sites other than NMDA (86–88; R. Woodward, CoCen-
sys, Inc. personal communication). Interactions with sites such as Na+ channels, dopamine D2 recep-
tors, and sigma receptors are among those that could positively or negatively influence the efficacy of
allosteric modulators, against the lethal effects of cocaine (7,50,89–91) Therefore, for the allosteric
modulators, the protective effects that they afford through NMDA receptor antagonism must be bal-
anced with the nonspecific influences of the compounds through other binding sites to fully understand
their effectiveness, or lack thereof, in protecting againsts the lethal effects of cocaine.

4.3. Comparison to AMPA/Kainate Receptor Antagonists
Pretreatment of mice with AMPA/kainate receptor antagonists such as NBQX or GYKI 52466 fail

to alter the lethal effects of cocaine (76). Together with the lack of effect of these compounds on their
own against cocaine-induced convulsions, the data suggest that, in terms of the glutamatergic compo-
nent in a cocaine overdose, the effect is somewhat specific to NMDA receptors.

4.4. Comparison to Glutamate Release Inhibitors
The glutamate release inhibitor riluzole also fails to reduce the proportion of animals exhibiting

cocaine-induced lethality (51). In addition, riluzole has no effect on the latency to death (51).
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4.5 Summary of Cocaine-Induced Lethality
N-methyl-D-aspartate glycine-site and competitive antagonists are capable of reducing the lethal

effects of cocaine. Moreover, posttreatments with NMDA/glycine-site antagonists retain the ability to
prevent the lethal effects of cocaine, suggesting that they have the clinical potential to treat
life-threatening overdoses. In contrast, antagonists that target other sites on the NMDA
receptor complex, namely, the ionophore or allosteric modulatory sites, are less effective at prevent-
ing cocaine-induced lethality. Furthermore, targeting non-NMDA receptors provides no protective
actions against cocaine-induced lethality. Although metabotropic glutamate receptor compounds have
not been tested against-induced lethality, their poor bioavailable and lackluster actions against the less
toxic convulsive end point suggest that the existing compounds would not be promising candidates in
severe cocaine overdoses. Therefore, when considered together with the pattern observed against
cocaine-induced convulsions, pharmacotherapies that target NMDA receptors, particularly the glycine
site, appear most promising for the treatment of acute cocaine overdoses.

5. OVERALL SUMMARY AND CLINICAL IMPLICATIONS

Of the various subtypes of glutamate receptor, the NMDA receptor appears the most promising tar-
get for the development of drugs to treat acute cocaine overdose. NMDA receptor antagonists signifi-
cantly attenuate cocaine-induced convulsions and lethality in preclinical studies in rodents. In contrast,
AMPA/kainate and metabotropic glutamate receptor antagonists are limited in effectiveness on their
own against cocaine overdose, but may provide modulatory influences that could be beneficial as part
of a polytherapy. An overactivation of NMDA receptors under overdose conditions would be consis-
tent with the appearance of convulsions, respiratory distress, and cardiovascular collapse as major
symptoms of a cocaine overdose. All of these systems are regulated by NMDA receptors and are con-
sistent with the established role of these receptors in epilepsy, the maintenance of respiratory rhythms,
and cardiovascular function (1–4).

Although it is logical that NMDA receptor antagonists would attenuate the symptoms of a cocaine
overdose, it is important to note that antagonists that specifically target the glycine coagonist site
appear to have the most favorable clinical potential at this time. Although all classes of NMDA recep-
tor antagonists (competitive, glycine, channel blockers, allosteric modulators) attenuate cocaine-
induced convulsions, only the NMDA/glycine-site and competitive antagonists robustly prevent the
lethal effects of cocaine. When comparing these latter two classes of compounds, the NMDA/glycine-
site antagonists have a more favorable side-effect profile, suggesting that they would have a better ther-
apeutic index than competitive antagonists.

Although studies that have been conducted to date have not shown direct interactions between
cocaine and NMDA receptors, such interactions are generally demonstrated using receptor-binding
studies. It is, therefore, important to note that radioligands are not available for selectively labeling
each of the pharmacological binding sites on the NMDA receptor complex. Furthermore, radioligands
that are selective for different subunits that form the receptor complex, especially those that recognize
different isoforms, are currently not available. It is, therefore, possible that cocaine can directly inter-
act with specific components of the NMDA receptor complex, but such interactions have not been
detected thus far.

Lacking evidence for direct interactions between cocaine and the NMDA receptor complex, the
NMDA receptor antagonists appear to prevent the behavioral toxicity of cocaine by intervening at end-
stage events (e.g., attenuating convulsions, respiratory depression, cardiovascular collapse) rather than
early events (e.g., interfering with cocaine’s access to receptors). Although future efforts to target initi-
ating events could be successful, most earlier efforts to prevent the behavioral toxicity of cocaine by
interfering with the access of the drug to known binding sites have been largely disappointing. In con-
trast, the preclinical data involving NMDA receptor antagonists are encouraging. For example, some
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of the NMDA/glycine-site antagonists rescued the animals from death even when they were adminis-
tered after a cocaine overdose, when the animals only had 2–4 min left to survive. The data therefore
indicate that targeting end-stage events via NMDA receptors may be a viable alternative to comple-
ment traditional drug development efforts that have focused on early initiating events. Such a strategy
directed at terminal stages in an overdose offers several practical advantages as well. For example,
pharmacotherapeutic interventions could be delayed until the very late stages of a drug overdose.
Because most drug overdoses share common end-stage events, this strategy may be effective against
not only cocaine but many other drugs of abuse. In addition, treatment options targeting end-stage
events would not be as dependent on knowledge of the intoxicating substance, which can be difficult to
ascertain when multiple drugs have been ingested and/or the victim is unconscious. Therefore, phar-
macotherapies that target late-stage events in an overdose offer several practical advantages over treat-
ments that are limited to counteracting initiating mechanisms.

In conclusion, the data suggest that NMDA/glycine-site antagonists have the potential to treat over-
dose to cocaine, and perhaps other drugs of abuse, in humans. Drugs that target other sites on the
NMDA receptor, although producing significant effects in preclinical tests, were either less efficacious
than NMDA/glycine-site antagonists and/or have a less favorable side-effect profile. Compounds that
target other glutamate receptor subtypes such as AMPA/kainate may have potential utility as part of a
polytherapy to enhance the therapeutic actions of NMDA receptor antagonists.
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1. INTRODUCTIONAL

In the last 10 yr, a substantial amount of preclinical research has been dedicated to studying the role
of excitatory amino acids, in particular, glutamate, in laboratory models of alcohol and drug depen-
dence (1–4). As a result, we now have a wealth of information suggesting that glutamatergic neuro-
transmission is a major component of the neuroadaptive changes that mediate the development,
maintenance, and expression of patterns of animal behavior that are believed to be a model of human
alcohol and drug dependence. The data are sufficient to warrant further research that would apply this
preclinical knowledge to the clinical field and advance the development of potential pharmacothera-
peutics (cf. ref. 5). In this chapter, background information will be presented on the stages of clinical
medication development and will review available human data relevant for the medication develop-
ment for opioid and cocaine dependence.

2. PHASES OF CLINICAL MEDICATION DEVELOPMENT

Opioid and cocaine dependences are complex behavioral disorders with associated psychiatric and
psychosocial sequels. Experimental paradigms that use human volunteers and laboratory animals have
been developed to model clinical disorders for the purpose of medication development. Owing to the
complexity of the clinical syndromes, only selected aspects of each disorder can be modeled (e.g.,
physical withdrawal, cue-induced craving, or acute intoxication). A useful method of classifying avail-
able models for the purpose of medication development is to relate them to characteristics of the disor-
der as they emerge during treatment.

The two major stages of treatment where pharmacotherapeutics can be used are (1) induction of
initial abstinence and (2) maintenance of abstinence. Initial abstinence can be accomplished either
abruptly (forced abstinence usually in the context of detoxification) or through a gradual decrease of
use (extinction of competitive drug-seeking). Early abstinence following the successful detoxifica-
tion is associated with the emergence of affective and physical disturbances, intensive drug-craving,
and heightened susceptibility to stress and drug-related environmental stimuli. These abnormal
responses, which frequently contribute to relapse after a period of abstinence, can be individually
modeled in the laboratory.

Research using laboratory animals has added greatly to our understanding of the effects of opioids
and cocaine on the brain and behavior and to the development of potential medication. Traditionally,
results of preclinical studies and uncontrolled treatment data were used to justify the initiation of clin-
ical treatment trials. Although animal models provide an important screening tool in the search for

From: Contemporary Clinical Neuroscience: Glutamate and Addiction
Edited by: Barbara H. Herman et al. © Humana Press Inc., Totowa, NJ

261



262 Bisaga and Fischman

potentially useful pharmacotherapies, the vast majority of compounds for cocaine dependence have
been ineffective when subsequently tested in controlled clinical trials (6–8). Clearly, given the need for
effective drug-abuse pharmacotherapy, a less costly, more efficient, and scientifically sound adjunct to
traditional clinical procedures is necessary. These new medication development paradigms could be
employed to further expand on the results obtained from laboratory animal models before progressing
to the large-scale efficacy trials. Our group has proposed using human laboratory paradigms and early
phase II studies as such an intermediary step in the medication development process (9,10).

Testing potential medications in a human laboratory setting provides a rigorous environment where
a great deal of information relevant to medication development can be obtained. In this setting, experi-
ments can be designed to approximate conditions that occur in naturalistic settings outside the labora-
tory while controlling many extraneous influences unrelated to experimental manipulations.
Laboratory models (1) permit concurrent collection of multiple measures, (2) use standardized proce-
dures for testing volunteers under identical conditions, (3) greatly limit the impact of ongoing environ-
mental events, and (4) permit testing the same participant under both experimental and control (usually
the placebo) conditions (9). As a result, the impact of individual differences between participants is
minimized, pharmacological effects can be measured more objectively, and fewer research participants
are required. An added benefit of these studies is their ability to address the safety of potential treat-
ments by assessing the effects of medication in combination with a given drug of abuse. Several labo-
ratory paradigms have been developed for the purpose of testing promising medications in human
volunteers. These include challenge studies, abstinence induction studies, self-administration and
choice studies, cue-exposure studies, drug-discrimination studies, and brain-imaging studies with a
pharmacological challenge (e.g., refs. 9 and 11–13). Most frequently, laboratory studies use volunteers
who are experienced drug users but are not seeking treatment or do not express the desire to stop using
at the time of the study (9).

Compounds that are promising in laboratory studies can then be tested in clinical treatment trials
where a small number of subjects are utilized. These trials can be used as a screening model to estab-
lish preliminary efficacy of the test medication. Clearly, large controlled clinical trials are necessary
for the definitive analysis of safety and efficacy, but they are too expensive, time-consuming, and diffi-
cult to be useful as an initial method for screening novel medications. In the past, uncontrolled studies
were frequently used in the screening process, but the likelihood of finding false-positive results was
so high that the value of such studies was very limited (14).

The improved early phase II clinical trials are placebo-controlled and include a single-blind placebo
lead-in phase to remove the most noncompliant patients and reduce attrition in the randomized trial.
Manual-guided psychosocial intervention is used to promote compliance. Clinically meaningful
dichotomous measures of improvement (such as “relapse”), in addition to continuous measures such as
percentage of alcohol-free days, are used to assess outcome. These trials have adequate length to eval-
uate the durability of treatment responses and use 95% confidence limits of differences between the
medication and placebo in order to obtain a measure of effect size (10).

3. LABORATORY STUDIES

3.1. Models of Physiological Dependence: Development of Medication to Assist 
in Detoxification

Physiological dependence, and the emergence of a withdrawal syndrome upon cessation of drug
use, is a common feature of several substance-dependence syndromes (in particular, opioid depen-
dence). Medications are frequently used to alleviate the signs and symptoms of withdrawal, a treat-
ment known as medical detoxification. Most patients who enter treatment for opioid dependence need
to undergo detoxification, but its efficacy is not predictive of the long-term course of opioid depen-
dence. Without further treatment, however, the majority of patients would relapse in the first few
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months after detoxification. Sufficient relief of withdrawal symptoms is necessary in order to retain
patients until detoxification is complete, and a good experience during this phase of treatment may fos-
ter patients’ commitment to long-term treatment.

There are three human laboratory models of opioid dependence. Traditionally, the effect of novel
treatments has been studied in opioid-dependent individuals who are maintained on an opioid while
residing on an inpatient research unit. After at least 1 wk of stabilization, opioid administration is
abruptly withdrawn and an experimental treatment begins. In most paradigms, the severity of the with-
drawal syndrome is then measured for at least 10 d (15). A modification of this experimental approach
is the substitution test, where volunteers are maintained on a stable dose of an opioid, which is then
substituted with the study compound for at least 24 h, after which an opioid is reintroduced (16). The
third model is the precipitation procedure, during which an antagonist is given to opioid-dependent
patients and the withdrawal syndrome is acutely precipitated (17,18).

N-Methyl-D-aspartate (NMDA) receptor antagonists, such as dextromethorphan (DXM) and
memantine, have been stuided in laboratory models of opioid dependence. In the first of these studies,
Isbel and Fraser (19) studied the effects of dextromethorphan (DXM) (d-methyl Dromoran) after
abrupt morphine withdrawal and in the morphine-substitution test. DXM had no effect on the severity
of withdrawal when given in two single doses at the 28th and 32nd h of abstinence, after abrupt cessa-
tion of morphine maintenance in opioid-dependent volunteers. An attempt to substitute morphine used
to maintain opioid dependence with 75–100 mg DXM given every 6 h was also made, but the time of
emergence and the intensity of withdrawal were similar to the control condition. Unfortunately, many
details and statistical analyses that would permit close examination of the presented data were not
included in this early study.

The effects of DXM were later studied by Rosen et al. (20) in the model of naloxone-precipitated
withdrawal. Opiate-dependent volunteers were stabilized on methadone (25 mg/dy) and received a
series of naloxone injections. DXM was given in single doses of 60, 120, and 240 mg in random order
just before the precipitation of withdrawal. In this study, there was an interindividual variability in
response to DXM. Volunteers with higher withdrawal scores in the placebo condition appeared to have
lower withdrawal scores after DXM pretreatment; however, there was no overall effect of DXM on any
of the withdrawal measures. At the conculsion of the study, two of the three volunteers who were
detoxified from methadone using 60 mg DXM every 4 h had experienced considerable withdrawal.
One of the limitations of this study is that the dose of DXM used may be too low to obtain a sufficient
blockade of NMDA receptors (21,22).

Jasinski recently studied the effects of DXM on the severity of naloxone-precipitated withdrawal
(23). The model used was acute physical dependence, for which opioids were given to nondependent
individuals for 1 d only and withdrawal was precipitated with a large dose of naloxone given on the
second day. In this study, 60 mg morphine was given orally every 6 h on the first day and before nalox-
one injection on the second day. The order of treatment conditions was random and counterbalanced
with a washout between experiements of only 1 d. In this model, 30, 60, or 120 mg of DXM did not
alter the severity of precipitated withdrawal. It has to be noted, however, that in this study, DXM was
given not only before the precipitation of withdrawal but also before each dose of morphine; therefore,
the effects on the development, as well as the expression, of opioid dependence were tested.

Another NMDA receptor antagonist that has been studied in the model of precipitated withdrawal is
memantine. Bisaga et al. (24) studied eight opioid-dependent inpatient volunteers, who were main-
tained throughout the study on 120 mg of oral morphine per day. After a period of stabilization, nalox-
one challenges were administered 2–3 d apart, with memantine (60 mg) or placebo given 6 h before
each challenge. In this study, a multiple baseline design was used. Memantine was administered before
only one challenge (6-h challenge) and placebo was given during all baseline challenges and two post-
memantine challenges (54 and 128 h postmemantine). Participants were randomly assigned to receive
one, two, three, or four baseline challenges. The severity and duration of withdrawal measured was
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reduced at 6 and 54 h, but not 128 h after memantine administration as compared to the last baseline
challenge. The effect of memantine was most evident using observer-rated measures of physical signs
of withdrawal. Memantine was safe in combination with morphine and produced positive subjective
effects. The subjective effects of memantine were short-lasting, as opposed to the inhibitory effects of
memantine on the physical signs of opioid withdrawal that lasted at least 3 d. The difference in results
from the previous studies may be due to the different agent studied, or possibly to the different design
used, in that only a single dose of memantine was given and the severity of precipitated withdrawal
was assessed repeatedly during the 5 d after memantine administration.

Two other available medications that modulate glutamatergic neurotransmission have been studied
using single doses in the model of naloxone-precipitated withdrawal. Rosen et al. (25) evaluated the
effects of lamotrigine, an anticonvulsant that attenuates glutamate release, and d-cycloserine, an
antibiotic that has an affinity for the glycine-binding site of the NMDA receptor. The effects of lamot-
rigine (250 and 500 mg) pretreatment did not differ from palcebo. Cycloserine given at doses that have
competitive NMDA-receptor (NMDAR) antagonism properties (375 and 750 mg) also did not alter the
severity of withdrawal as compared to placebo.

In summary, results of most studies using human laboratory models of opioid dependence and with-
drawal did not confirm the inhibitory effects on NMDAR antagonists. One study in which the positive
effects were found, differed in the methodology but may be more relevant to the study of the nature of
opioid dependence, which is a long-lasting phenomenon (24).

3.2. Models of Drug Self-Administration
Drug self-administration and choice paradigms are designed to model drug-taking, one of the main

components of addictive behavior. Several factors that are known to influence drug-taking in clinical
situations can be controlled in the laboratory setting. These include environmental cues, subject char-
acteristics (like the state of withdrawal or satiation), the availability of the drug, the dose and fre-
quency of administration, and the availability of alternatives to drug-taking. Some of the models,
primarily models of opioid dependence, have predictive validity in that medications effective in the
treatment of opioid dependence are able to inhibit heroin self-administration in the laboratory setting
(12,26). The laboratory model of cocaine self-administration has not been validated because no effec-
tive medications to treat cocaine dependence are available.

Collins et al. (27) studied the self-administration of smoked cocaine in cocaine-dependent individu-
als maintained on 20 mg memantine or placebo in a double-blind crossover design. Participants had an
opportunity to choose a dose of cocaine or a menetary alternative. When given memantine, partici-
pants chose cocaine with the same frequency as when given palcebo. Cocaine’s subjective effects,
however, including “high,” “potency,” and “quality,” were significantly increased under memantine
maintenance. This finding contrasts animal studies that show dose-dependent attenuating effects of
memantine (28) or dextromethorphan (29) on cocaine self-administration, but is consistent with ani-
mal studies that used high-affinity channel blockers and showed synergism with cocaine’s effects (30).
Therefore, the possibility of phylogenetic differences in the central representation of glutamate recep-
tors needs to be considered (31).

4. CLINICAL TRIALS

4.1. NMDA Receptor Antagonists in the Treatment of Drug Withdrawal
4.1.1. Opiate Detoxification

Laboratory animal studies consistently show that NMDAR antagonists—in, particular channel
blockers—attenuate the severity of opioid withdrawal in dependent animals (1,3). The results of
human laboratory studies are less decisive. Several preliminary trials have evaluated the utility of clin-
ically available agents for opioid detoxification.
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The first published clinical study was conducted in Turkey by Koyuncuoglu and Saydam (32).
Forty-eight patients seeking opioid detoxification were randomly assigned to dextromethorphan (360
mg/d) or chlorpromazine (96 mg/d), which was used as an active control. Both group received
diazepam as an adjunct treatment. There was a major group difference in treatment retention. At the
end of the 8-d trial, 68% of patients treated with DXM were still in treatment, whereas none treated
with chlorpromazine completed the study. In fact, in the chlorpromazine group, 71% of patients left in
the first 24 h. Patients who received DXM had significantly lower observer-rated abstinence scores
across several days of treatment as compared to the control group. Conclusions from this study are
limited by the fact that there was no placebo comparison group and by the use of chlorpromazine, a
potentially aversive agent, as an active control, even though chlorpromazine is frequently used for
detoxifications in settings where methadone is not available. A high dropout rate and related statistical
confounds further limit conclusions from this study.

Subsequently, the same research group conducted two other open-label, outpatient, 8-d-long heroin
detoxification studies. One study tested DXM in combination with chlorpromazine and diazepam (56
patients) (33). In the other study, DXM was used in combination with tizanidine (a glutamate release
inhibitor), chlorpromazine, and diazepam (47 subjects) (34). Medication target doses were identical in
both studies: 15 mg DXM every hour, 25–50 mg chlorpromazine every 6 h, and 10 mg diazepam every
6 h. Treatment completion rates were 68% and 96%, respectively. The remaining patients relapsed to
heroin use in the first 3 d of detoxification, when abstinence symptoms were most severe. Overall, the
completion rates reported in these three studies are equal to or higher than completion rates reported in
other studies (35,36); however, the extent of DXM’s effect is confounded by the use of other medica-
tions that attenuate the withdrawal symptoms.

Another open-label pilot study evaluated the effects of DXM in six heroin-dependent patients seek-
ing inpatient detoxification (37). DXM was given in five daily doses of 75 mg each for up to 6 d. No
other medications were used except for occasional, as needed, doses of ibuprofen, acetaminophen, and
hydroxizine. Four patients completed the study with no withdrawal signs and symptoms (including
heroin-craving) present beyond the fourth day of treatment. DXM was well tolerated with minimal
side effects. Two other patients requested a change to methadone on the first day of DXM treatment,
but none of them completed methadone-assisted detoxification.

Memantine has also been used for opioid detoxification in five inpatients who were opioid depen-
dent, as confirmed by a naloxone challenge (38). Memantine was given in single daily doses of 30 or
60 mg for 2–3 d. All patients completed detoxification, confirmed by a negative naloxone challenge,
but they experienced mild–moderate withdrawal symptoms for 1–2 d and requested treatment with
additional adjunct medication (clonidine, clonazepam, zolpidem, prochloperazine).

Another compound that has NMDAR antagonist properties and has been used in opioid detoxification is
ibogaine, a naturally occuring alkaloid (39). Ibogaine is a compound that has not been approved for clinical
use in most countries, but ibogaine treatment has been carried out for more than 30 yr in informal settings
(40). Published data on the effects of ibogaine are mostly uncontrolled, retrospective case series (41–44).

In an open-label study, Alper et al. (41) reported that 25 out of 33 opioid-dependent patients who
received a single dose of ibogaine had complete resolution of withdrawal signs and symptoms, includ-
ing drug-craving, within 24 h of receiving ibogaine and this improvement was maintained over 3 d of
observation. In a recent prospective study, 27 opiate and cocaine-dependent individuals treated with
ibogaine reported statistically significant improvement in depressive symptoms and craving for heroin
and cocaine as compared to pretreatment baseline (43). No control group was used however, so it is
not known if the symptom improvement after ibogaine treatment would differ from the improvement
that is a part of a natural course of the withdrawal syndrome. Additionally, the withdrawal severity and
many other details of the study were not reported. Treatment outcomes reported after brief treatment
with ibogaine (usually only single doses) are indeed impressive, although the safety of this treatment is
not known, as several fatalities were reported (41).



266 Bisaga and Fischman

In summary, results of treatment trials conducted so far are generally positive and encouraging
although none of these studies was adequately controlled and, therefore, it is unclear if these results
will be confirmed in more definitive trials.

4.1.2. Treatment of Cocaine Withdrawal
The nature of cocaine withdrawal, and its contribution to continuous use, has been debated in recent

years. It is unlikely that a brief treatment, as in the case of detoxification, may have a significant effect
on the long-term course of the illness and few studies have recently assessed the effects of medication
on acute cocaine withdrawal symptoms and short-term abstinence. Several such studies were con-
ducted in the 1980s and one of the compounds tested, amantadine, was later found to have NMDAR
antagonist properties (45). In initial studies, amantadine appeared to reduce early symptoms of cocaine
withdrawal (46,47), but this effect declined after the first 2 wk, and several other studies reported neg-
ative results (48,49) (see ref. 50 for review). In the most recent controlled study, amantadine has been
found to be more effective than placebo in reducing cocaine use. This effect was present only in
patients with more severe cocaine-withdrawal symptoms at baseline, which suggests that amantadine
may reduce early symptoms of cocaine withdrawal (51).

4.2. NMDA Receptor Antagonists in Promoting and Extending Abstinence
It is now widely believed that a long-term behavioral and pharmacological treatment is necessary

for the effective treatment of opioid and cocaine dependence and to prevent relapse after a short-term
detoxification procedure. Currently, there are two separate approaches to the long-term treatment of
drug dependence: (1) gradual cessation of drug use (e.g., methadone treatment for opioid dependence)
and (2) maintenance of abstinence (e.g., naltrexone treatment for opioid dependence). It is unclear if
the same pharmacological approach may be used to induce and later to maintain the abstinence. Inter-
estingly, it appears that NMDAR antagonists, secondary to their inhibitory effects of drug depen-
dence/withdrawal, as well as their inhibitory effects on drug-induced reinforcement, may be effective
in both contexts.

Abstinence-oriented studies using NMDAR antagonists are only beginning to be conducted. Pre-
liminary data from one such study have recently been presented (52). Memantine (30 mg/d) or placebo
has been given to 27 heroin-dependent patients who completed detoxification. Patients were treated
and monitored in an inpatient drug-treatment program for 21 d. Memantine-treated patients had lower
scores on self-report measures of heroin-craving and state anxiety than patients treated with placebo.
All patients who received memantine completed the study with opiate-negative urines, whereas 40%
of patients who received placebo discontinued the study and were later found to have relapsed to
heroin use.

No recent data are available for cocaine treatment. In the past, amantadine has been used in studies
to assess its effectiveness in the treatment of cocaine abuse. Although some studies showed beneficial
effects of amantadine on cocaine-craving and use (53–55), the majority of studies reported negative
findings (56–60).

5. SUMMARY AND DIRECTIONS FOR THE FUTURE

Opiate and cocaine addictions are complex disorders with a variety of processes that contribute
to the maintenance of pathological behavior and relapse in abstinent individuals. Current animal
paradigms are simplistic models of particular aspects of the disease and may be insufficient to pre-
dict the clinical utility and justify initiation of efficacy trials. We argue for the development of
human laboratory paradigms and improvement of the methodology of small N clinical trials, both
of which may be useful in medication development for substance-use disorders. This strategy may
be preferable to the traditional strategy of initiation of expensive efficacy trials based on preclinical
research for cocaine (but not for opioid dependence). The vast majority of medications for cocaine
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dependence have been ineffective when tested in controlled clinical trials. Particular aspects of clin-
ical syndromes can be modeled using human research volunteers and the more systematic medica-
tion discovery can be applied.

Preclinical research brings overwhelming evidence documenting the role of glutamatergic neuro-
transmission in the neurobiology of opioid and cocaine dependence and suggests that glutamatergic
agents, in particular NMDAR antagonists, may be a useful addition to the treatment of these disorders.
To date, the progress in applying results of preclinical studies to clinical medication development has
been slow but noteworthy. The results from clinical studies of opioid dependence, both detoxification
and relapse prevention, are encouraging (32–34,37,52). Efficacy trials of NMDAR antagonists for opi-
oid dependence, including currently available dextromethorphan and memantine, are justified based on
these findings.

Preliminary data in the treatment of cocaine dependence are very limited, and, at this point, it is too
early to assess the potential usefulness of NMDAR antagonists for cocaine dependence. It is possible
that NMDAR antagonists may be more useful in maintenance of abstinence than in induction of main-
tenance, but more preliminary studies are needed.
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The Role of mGluR5 in the Effects of Cocaine 

Implications for Medication Development

Mark P. Epping-Jordan, PhD

Investigations over the past several years have yielded insights into the contributions of
metabotropic glutamate receptors (mGluRs) to the effects of psychostimulants. Recently, an important
role was demonstrated for the mGluR subtype 5 in the locomotor stimulant and reinforcing effects of
cocaine (1). The data obtained in that report will be summarized here, followed by a brief discussion of
the implications of this evidence for the development of medications to treat cocaine dependence.

mGluRs can be divided into three groups based on amino acid sequence homology, receptor phar-
macology, and intracellular signal transduction mechanisms (2,3). Group I consists of mGluR1 and
mGluR5, which stimulate phospholipase C and phosphoinositide hydrolysis, while group II, consist-
ing of mGluR2 and mGluR3, and group III, consisting of mGluR4, 6, 7, and 8, are negatively coupled
to adenylyl cyclase. All of the mGluR subtypes, except for mGluR6 and mGluR8, are expressed in
widespread regions of the brain, with several subtypes being expressed at high levels in brain regions
associated with the behavioral effects of drugs of abuse (4–10).

Direct activation or blockade of mGluRs mediate both baseline and psychomotor stimulant-induced
locomotor activity (11,12). Bilateral injections into the nucleus accumbens (NAc) of the non-selective
mGluR agonist 1-amino-1,3-cyclopentane-trans-1,3-dicarboxylic acid (ACPD) increased locomotor
activity in the rat (11,12), and this effect was blocked by co-injection of mGluR antagonist (RS)-α-
methyl-4-carboxyphenylglycine (MCPG) (11). In addition, the locomotor stimulant effects of both the
indirect dopamine (DA) agonist amphetamine as well as the direct DA receptor agonist apomorphine
were completely blocked by co-injection of MCPG into the NAc (13). Furthermore, bilateral injec-
tions of ACPD into the ventral tegmental area, the source of DA projections into the NAc, increased
locomotor activity in rats, through activation of both Group I and Group II mGluRs (12). These data
support a role for mGluRs in the control of baseline and drug-induced locomotor activation; however,
the contributions of specific mGluR subtypes remain unknown.

The expression pattern of mGluR5 suggests a possible role in the effects of drugs of abuse. mGluR5
is highly expressed in both the intrinsic and efferent projection neurons in the NAc and striatum (9),
brain regions associated with the behavioral effects of psychostimulants. Approximately 65% of stria-
tonigral projection neurons and 50–60% of striatopallidal projection neurons, as well as a majority of
striatal interneurons express mGluR5 (10). Over 80% of the NAc core and shell neurons projecting to
the ventral pallidum and about 50% of the NAc shell neurons projecting to the ventral tegmental area,
the primary efferent accumbal pathways, express mGluR5 mRNA (14). The expression of mGluR5 in
significant proportions of accumbal and striatal projection neurons and interneurons suggest that the
activity of mGluR5 influences the information that is processed within these structures and that is
transmitted to their output pathways.
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While the expression and distribution of mGluR5 have been reasonably well-defined, the specific
role played by mGluR5 in the effects of cocaine has been examined only recently. Increases in
mGluR5 mRNA in the NAc shell and dorsolateral striatum (15) and decreases in mGluR5 protein lev-
els in the medial NAc were observed 3 wk after cessation of repeated cocaine administration (16).
These changes in expression suggest an involvement of mGluR5 in the neuroadaptations resulting
from repeated cocaine administration; however, the functional consequences of altered mGluR5
expression remain unknown. In order to determine more specifically the role of mGluR5 to the effects
of cocaine, the locomotor stimulant and rewarding effects of cocaine were examined in mGluR5 null
mutant (–/–) mice and their wild-type (+/+) siblings. In addition, the effect of the selective mGluR5
antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) (17) on cocaine self-administration in
C57BL/6J mice was examined [1].

Baseline and cocaine-induced locomotor activity were examined in mGluR5 (–/–) and (+/+) mice.
On each test day, all mice received an injection of saline vehicle and were immediately placed into a
locomotor activity chamber for 15 min. Mice were then removed from the apparatus and received an
injection of either saline or cocaine (10, 20, or 40 mg/kg, ip) and were again placed into the activity
chamber for an additional 45 min. Each subject was tested with vehicle alone and all three cocaine
doses on different test days with at least 1 wk between test sessions.

Baseline locomotor activity did not differ significantly between (+/+) and (–/–) mice [(+/+),
2393–479; (–/–), 2710–642, mean horizontal activity counts/45-min session – SEM]. Cocaine induced
a significant, dose-dependent increase in horizontal activity in (+/+) mice, however, cocaine had no
effect on locomotor activity in mGluR5 (–/–) mice at any dose tested (Fig. 1). Because mice received
repeated injections of cocaine, it is possible that some of the increase in locomotor activity observed in
the (+/+) mice can be attributed to behavioral sensitization (18) Nevertheless, locomotor activity was
not altered by cocaine administration in mGluR5 (–/–) mice, under the conditions tested. These results
suggest that mGluR5 does not contribute to baseline locomotor activity; however, they indicate that
mGluR5 is required for the expression of cocaine-induced locomotor activation (1).

Fig. 1. Locomotor response to cocaine administration in mGluR5 (+/+) (n = 14) and (–/–) (n = 16) mice. Hori-
zontal activity was measured during a 45-min period and was calculated as a percentage of baseline locomotor
activity (vehicle treatment during the same period). Values represent mean activity counts ± SEM.*, P < 0.05 ver-
sus saline vehicle; **, p < 0.01 versus vehicle. (Dunnett’s test after two-way repeated measures analysis of vari-
ance) [Reprinted with permission from Chiamulera et al. (1).]
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Examination of the effect of mutation of the mGluR5 gene on the reinforcing effects of cocaine in
mice may help to establish the role of mGluR5 in human cocaine addiction. Therefore, intravenous
cocaine self-administration was investigated in mGluR5 (–/–) and (+/+) mice. Because the self-admin-
istration task is complex and requires learning, memory, and motor coordination, which could be dis-
rupted by the mGluR5 mutation, mice were first trained in a discriminated, two-lever, food-reinforced
operant task. This training allowed for the assessment of differences in learning rate and/or the ability
to perform the operant task separate from the assessment of the reinforcing effects of cocaine. Acquisi-
tion of the food-reinforced operant task did not differ between (+/+) and (–/–) mice (Fig. 2A), indicat-
ing that the reinforcing properties of food were unchanged in the (–/–) mice.

After the food training, mice were surgically implanted with a catheter in the right jugular vein and,
following recovery, were allowed to self-administer cocaine. mGluR5 (+/+) mice acquired stable self-
administration across a wide range of cocaine doses; however, (–/–) mice did not acquired cocaine
self-administration at any of the doses tested (Fig. 2B). Despite retraining to criterion on the food task
between each cocaine dose, lever responding for cocaine in (–/–) mice extinguished within three to five
sessions at all doses. Taken together, data from the food training and cocaine self-administration stud-
ies suggest that while the reinforcing properties of food remained unchanged, the reinforcing effects of
cocaine were absent in mGluR5 (–/–) mice (1).

It is possible that the absence of the reinforcing effect of cocaine in (–/–) mice was due to develop-
mental alterations resulting from the constitutive mutation of the mGluR5 gene rather than to the lack
of mGlu5 receptors in the adult mice. Therefore, the effects of the selective mGluR5 antagonist MPEP
on cocaine self-administration and operant responding for food in C57BL/6J mice were examined.
MPEP dose-dependently reduced cocaine self-administration in C57BL/6J mice (Fig. 2C); however,
the most effective MPEP dose (30mg/kg, iv) had no effect on the rate of food-reinforced lever respond-
ing in the same mice (Fig. 2D) (1). These data suggest that the effects of MPEP were specific to the
reinforcing effects of cocaine and were not due to nonspecific disruption of motivation, to the ability to
perform the operant task, or to general malaise induced by MPEP.

Cocaine is known to block the re-uptake of monoamine neurotransmitters, and the locomotor stim-
ulant and reinforcing effects of cocaine have been linked to its ability to increase extracellular levels of
DA in the NAc (19,20). Mutation of the mGluR5 gene may have disrupted the ability of cocaine to
increase DA levels thereby eliminating cocaine-induced increases in locomotor activity and cocaine
self-administration in mGluR5 (–/–) mice. Therefore, extracellular levels of DA in the NAc (Fig. 3A)
were examined in awake, freely moving mGluR5 (+/+) and (–/–) mice after injection of either cocaine
or saline vehicle. Basal levels of extracellular NAc DA did not differ significantly between mGluR5
(–/–) and (+/+) mice. Cocaine induced significant increases in extracellular DA that did not differ
between (–/–) and (+/+) mice (Fig. 3B), suggesting that mutation of the mGluR5 gene did not alter
baseline or cocaine-induced increases in NAc DA levels (1).

Because DA neurotransmission appears to be critical to the behavioral effects of cocaine (19,20),
the effects of mutation of the mGluR5 gene on the expression and brain distribution of DA receptors
and the DA transporter (DAT) were examined. The expression and distribution of DA D1-like and D2-
like receptors and the DAT and the expression of D1 and D2 DA receptor mRNA did not differ
between mGluR5 (+/+) and (–/–) mice (1). These data suggest that mutation of the mGluR5 gene did
not alter the expression or distribution of DA receptors or of the DAT.

The data summarized above indicate an important role for mGluR5 in the locomotor and reinforc-
ing effects of cocaine. However, the specific mechanisms of the mGluR5 contribution to the effects of
cocaine are not known. Emerging evidence has identified several possible mechanisms through which
mGluR5 may influence pathways involved in the effects of cocaine. This evidence may provide impor-
tant insights into the development of medications to treat cocaine dependence.

As mentioned above, mGluR5 is highly expressed in several brain regions that contribute to the
behavioral effects of cocaine, including the NAc, striatum, ventral tegmental area, and cortex (9).
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Furthermore, the distribution of mGluR5 suggests potential roles in learning, memory, motivation,
and motor control, processes involved in the complex behaviors that contribute to the development of
cocaine dependence. The locomotor and reinforcing effects of cocaine are regulated by both DA and
glutamate transmission in the NAc (11,21) and glutamate and DA may act in synergy to mediate the
effects of cocaine (1).

Recent evidence has demonstrated interactions between dopamine and metabotropic glutamate
receptor intracellular signaling pathways. These interactions may have important implications for the

Fig. 2. Operant responding for food and cocaine reinforcement. (A) Acquisition to criterion of food-reinforced
lever pressing in mGluR5 (+/+) (n = 5) and (–/–) (n = 6) mice. Mice earned 50 food reinforcers (whole milk with
sucrose, 60 g/L) under each schedule of reinforcement starting with a fixed-ratio 1 time-out 11-s schedule of rein-
forcement (FRITO11s) through FRITO15s, FRITO20s, and finally FR2TO20s, identical to the schedule of rein-
forcement during cocaine self-administration. Mean number of days to criterion (50 reinforcers in 1 h under
FR2TO20s) did not differ between genotypes. Values represent mean ± SEM (Student’s t test). (B) Mice implanted
with jugular catheters were allowed to self-administer cocaine to stability. Mice were given access to various doses
of cocaine (0.0, 0.08, 0.4, 0.8, 1.6, and 3.2 mg/kg/injection) during single daily 1 h sessions in a Latin square
design, and the number of injections at each dose was determined twice during at least two separate sessions.
mGluR5 (–/–) mice failed to acquire self-administration, so they were retrained to lever press for food to criterion
in between each cocaine dose so that they had a nonzero response rate during the first one or two sessions of access
to each dose. Only mice that completed testing at all doses, including saline, were included in the analyses. Values
represent mean number of injections per session ± SEM. *, p < 0.05 versus saline group with same genotype;
†, p < 0.05 (+/+) at 0.4 mg/kg/injection dose versus (+/+) at 3.2 mg/kg/injection dose (Student’s t tests with
Bonferroni correction after two-way repeated measures analysis of variance). (C) Effects of MPEP on cocaine
self-administration in C57BI/6J mice (n = 5). Values represent percentage of baseline number of injections per 1 h
session. MPEP dose-dependently decreased cocaine self-administration, *, p < 0.05 compared to saline; †, p < 0.05
compared to 3 mg/kg MPEP dose (means comparisons after appropriate one way ANOVA). (D) Effects of MPEP
(30 mg/kg, iv) on food-reinforced operant responding in C57Bl/6J mice. MPEP had no effect on the number of
lever presses/min in C57Bl/6J mice (n = 5) responding for food under a FR2TO20s schedule of reinforcement.
[Reprinted with permission from Chiamulera et al. (1).]
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Fig. 3. Extracellular DA levels in NAc measured by microdialysis in mGluR5 WT (n = 3) and KO (n = 3)
mice. (A) Location of the dialysis probe. Coordinates were calculated to position the probe at the level of the
NAc (A: + 1.3 mm, V: –4.6 mm from bregma). The solid and dashed boxes indicate the minimum and maximum
extent of the probe placement. Location of the probe was verified in each mouse at the end of the experiment. (B)
DA levels analysis: 10 µL dialysate samples were collected every 20 min from mGluR5 WT (saline, n = 3;
cocaine, n = 3) and KO mice (saline, n = 3; cocaine n = 3). Values represent mean pg/sample DA ± SEM.
*, p < 0.05; **, p < 0.01 versus saline at the same timepoint. (Student’s t test with Bonferroni correction after
two-way repeated measures ANOVA for each genotype). Extracellular DA levels were not significantly different
between mGluR5 WT and KO groups (analysis of variance for repeated measures on data of mGluR5 WT and
KO groups treated with cocaine: not significant). Abbreviations: ac, anterior commissure; CPu, caudate-putamen;
LV, lateral ventricle; NAccC, nucleus accumbens core; NAccSh, nucleus accumbens shell. [Reprinted with per-
mission from Chiamulera et al.(1).]
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role of mGluR5 in cocaine dependence and in the development of mGluR agents as therapeutics for
the treatment of cocaine addiction.

Incubation of striatal synaptosomes with the Group l mGluR agonist (S)-3,5-dihydroxyphenyl-
glycine (DHPG) transiently, but significantly decreased DA uptake through the DAT (22), an effect
blocked by the selective mGluR5 antagonist MPEP. This effect appeared to be mediated by mGluR5
activation of protein kinase C and calcium calmodulin-dependent protein kinase II (22). Although the
majority of anatomical evidence suggests that mGluR5 is expressed postsynaptically, there is some
evidence for localization of mGluR5 in presynaptic axon terminals (9). These results suggest that
mGluR5 may interact directly with the DAT to influence DA transmission in the striatum; however, it
will be important to evaluate this effect in vivo.

Conflicting evidence exists regarding the interactions between Group l mGluR activation and D1-
like DA receptor-induced formation of cyclic adenosine monophosphate (cAMP). Evidence from stri-
atal slice preparations showed that D1-like DA receptor agonist-induced cAMP formation was
inhibited by the non-selective mGluR agonist ACPD (23), whereas, in cultured striatal neurons, the
Group l agonist DHPG potentiates cAMP formation induced by the D1-like agonist SKF 38393 (24).
Finally, recent data indicate that stimulation of Group I mGluRs with DHPG activates casein kinase 1
(Ck1) and cyclin-dependent kinase 5 (Cdk5), two kinases involved in dopamine signaling in the neos-
triatum (25). In addition, DHPG treatment in acutely dissociated neurons was shown to increase the
activation of voltage-gated Ca+ channels (25). Taken together these results suggest an interaction
between Group I mGluRs and DA receptors, although the specific nature of this interaction remains
unclear.

The evidence reviewed in this chapter suggests an important and specific role for the Group I
metabotropic glutamate receptor subtype mGluR5 in the effects of cocaine. Mice lacking the
mGluR5 gene did not self-administer cocaine and showed no alteration in locomotor activity fol-
lowing cocaine treatment. The selective mGluR5 antagonist MPEP significantly reduced cocaine
self-administration, but had no effect on operant responding for food, suggesting that antagonism of
mGluR5 does not affect the reinforcing effects of natural reinforcers. This evidence suggests that
antagonists of mGluR5 may be developed as effective pharmacological treatments for cocaine
addiction. Evidence that mGluR5 plays a modulatory role in both glutamate (3) and DA receptor
signaling (22–25) suggests that antagonists of mGluR5 may not induce the aversive side effects
associated with direct DA or ionotropic glutamate receptor antagonists. Nevertheless, a significant
amount of work remains to be done in order to understand the specific contributions of mGluR5 and
the other mGluR subtypes to the effects of cocaine and other drugs of abuse and to the development
of addiction.

In conclusion, there are several lines of evidence suggesting that mGluR5 contributes to the effects
of cocaine in rodents. mGluR5 is expressed in several brain regions known to contribute to the behav-
ioral effects of cocaine (9, 10, 14). Cocaine did not alter locomotor activity in mice bearing a null
mutation of the mGlu5 receptor gene (1). mGluR5 (–/–) mice did not self-administer cocaine, an effect
that was not attributable to a learning deficit or to an alteration of brain reward systems (1). Pharmaco-
logical blockade of mGluR5 in mice selectively decreases cocaine self-administration (1). Subsequent
investigation will lead to a greater understanding of the specific mechanisms through which mGluR5
contributes to the effects of cocaine.
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Role of the Glutamatergic System 

in Opioid Tolerance and Dependence
Effects of NMDA Receptor Antagonists

Jianren Mao, MD, PhD

1. NMDA RECEPTORS AND OPIOID TOLERANCE/DEPENDENCE

The N-methyl-D-asparate (NMDA) receptor is a complex subtype of the glutamatergic receptor sys-
tem. Glutamate and aspartate are endogenous ligands binding to NMDA receptors. Activation of
NMDA receptors can be blocked at either the glutamate-binding site or the regulatory sites. Although
the role of NMDA receptors in opioid tolerance and dependence was initially examined using µ-opioid
agonists, studies have been carried out to investigate the effects of NMDA receptor antagonists on tol-
erance and dependence induced by κ- and σ-opioid agonists.

1.1. µ-Opioids
1.1.1. Tolerance

Morphine has been used primarily as a µ-opioid agonist in a number of studies investigating µ-
opioid-induced tolerance and dependence. Coadministration of morphine with MK-801, a noncom-
petitive NMDA receptor antagonist, was initially shown to be effective in preventing the
development of antinociceptive tolerance in rats, mice, and guinea pigs (1–4). Since these initial
reports, a large number of studies have consistently shown the same results (5–24). NMDA receptor
antagonists and Zn2+ also have been shown to block the development of acute tolerance to morphine
(25). The methodologies employed in these studies are rather diversified with regard to the route of
drug administration, tolerance-inducing regimens, and the choice of NMDA receptor antagonists
(see above-cited references):

1. Morphine has been given via the route of subcutaneous (sc), intravenous (iv), intrathecal (it), intracere-
broventricular (icv), intraperitoneal (ip), and oral administration. The treatment regimens have included
daily boluses for 5–8 d or continuous infusion through an osmotic pump for 3–7 d.

2. The behavioral tests employed in these studies have included the hot-plate, tail-flick, and formalin tests.
Different species of laboratory animals (mice, rats, guinea pigs, etc.) have been used in these studies and no
reliable differences in species were observed with regard to the effect of NMDA receptor antagonists on
morphine tolerance.

3. The NMDA receptor antagonists used in these studies have included the competitive agents AP-5,
LY235959, CGP 39551, and LY274614, the noncompetitive channel blockers MK-801, dextromethorphan
(DM), MRZ 2/579, ketamine, d-methadone, and memantine, and the glycine-binding-site NMDA receptor
antagonists MRZ 2/576, ACEA-1328, and HA966. NMDA receptor antagonists were given via the sc, it,
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and ip routes. There were no reliable differences between competitive and noncompetitive NMDA receptor
antagonists in preventing the development of morphine tolerance. Collectively, these data indicate a broad
generality of the NMDA receptor involvement in the development of morphine tolerance across species,
behavioral tests, and tolerance-inducing regimens.

It is of significance to point out that low-affinity, clinically available NMDA receptor antagonists
such as DM, d-methadone, and memantine may have a role in preventing the development of tolerance
to and dependence on opioid analgesics in clinical settings (6,12,19,26,27). For instance, DM, com-
monly known as an antitussive drug, has been shown to be effective in preventing the development of
opioid tolerance (6,12,27). In a rat model of morphine tolerance, DM prevented or attenuated the
development of tolerance to the antinociceptive effects of morphine (15,24, or 32 mg/kg) when DM
was coadministered orally with morphine (ratios from 4 : 1 to 1 : 2). This combined oral treatment reg-
imen also reduced naloxone-precipitated signs (teeth chattering, wet-dog shaking, or jumping) of
physical dependence on morphine in the same rats. The data reveal a constant ratio range of the mor-
phine/DM combination effective for preventing the development of morphine tolerance and depen-
dence (12). These results indicate that the combined treatment with clinically available NMDA
receptor antagonists and morphine may be a useful approach for preventing morphine tolerance and
dependence in humans.

1.1.2. Selective µ-Opioid Agonists
Although a prototypical µ-agonist, morphine does have interactions with other opioid receptor sub-

types. In a recent study, the role of NMDA receptors in the antinociceptive tolerance induced by highly
selective µ-opioids was examined (5). It was reported that 0.1 mg/kg MK-801 given intraperitoncally
did not prevent tolerance induced by the highly selective µ-opioid agonists DAMGO and fentanyl in
mice, although the same dose of MK-801 prevented the development of tolerance to morphine in the
same study. Because autoradiographic studies have shown that morphine also binds to δ- and κ-opioid
receptors (28–30), these results could imply that interactions among subtypes of opioid receptors
would be important in determining the involvement of NMDA receptors in mechanisms of opioid tol-
erance. Although in another study the development of tolerance resulting from repeated it administra-
tion of either 6 µg or 1.5 µg DAMGO was prevented dose dependently by the it coadministration of
DAMGO and MK801 (31), it would be of interest to interest to further elucidate similarities and dif-
ferences between the NMDA receptor-mediated mechanisms of tolerance induced by highly selective
µ-opioids or morphine.

1.1.3. Dependence
The noncompetitive NMDA receptor antagonists (MK-801, memantine, DM, HA966) have been

shown to prevent the development of dependence on morphine as assessed by naloxone-precipitated
withdrawal signs (jumping, teeth chattering, diarrhea, wet-dog shakes, vocalization) in both mice and
rats (6,9,12–14,32,33). Consistent with these findings, it has been shown that the occurrence of nalox-
one-precipitated withdrawal signs in tolerant rats was associated with spinal cord release of glutamate
(9). In addition, daily transient blockade of morphine with naloxone resulted in greater tolerance than
that from continuous chronic morphine administration, presumably due to an increased release of glu-
tamate in the naloxone treatment group (34). It would be of interest to examine differences in gluta-
mate release, in the absence of naloxone precipitation, in animal models of opioid tolerance using
daily bolus treatment versus continuous infusion with osmotic pumps.

1.1.4. Other Issues
Tolerance may involve both associative (constant presence of a cue) and nonassociative (lack of a

cue) components. The role of NMDA receptors in associative versus nonassociative tolerance to
morphine was examined (4,8). The blockade of NMDA receptors with MK-801 was particularly
effective for preventing nonassociative tolerance as opposed to associative tolerance. In contrast,
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spinal cord neurotensin appeared to be contributory to the development of associative tolerance (8).
Although mechanisms of such a distinction remain to be determined, these data indicate the impor-
tance of distinguishing these two processes in investigating the NMDA receptor-mediated mecha-
nisms of opioid tolerance.

Although there is ample evidence indicating a critical role of NMDA receptors in the development
of µ-opioid tolerance, the expression of tolerance as assessed by a behavioral test is not determined by
the activity of NMDA receptors. The acute blockade of NMDA receptors with either MK-801 or
LY274614 in animals already made tolerant to morphine did not reverse the tolerance status (1,16).
The shifted dose-response relationship in morphine-tolerant rats appears to be directly related to the
status of opioid receptors, because naloxone, but not MK-801, altered the antinociceptive response in
these rats (11). However, NMDA receptors are contributory to the maintenance of an established toler-
ance status, because coadministration of morphine with a competitive NMDA receptor antagonist,
LY274614, gradually (over days) reversed morphine tolerance in mice (16). These concepts support a
combined use of opioids and NMDA receptor antagonists in clinical settings even in those patients
who are already tolerant to opioid analgesics.

1.2. δ-Opioids
The data on the effects of NMDA receptor activation on δ-opioid tolerance remain inconclusive. In

a mouse model of tolerance induced by repeated icv administration of 20 nmol DELT II (δ-2 agonist)
twice daily for 3 d, neither MK-801 (0.1 mg/kg, ip) nor LY235959 (3 mg/kg) pretreatment before each
DELT II dose prevented the development of tolerance (5). MK-801 in the dose used in that study also
failed to prevent tolerance to antinociception induced by cold-water swim stress, a process presumably
mediated by endogenous δ-opioids (5).

In direct contrast, in a similar experimental paradigm in which DELT II (20 µg) was given intrac-
erebroventricularly twice daily for 4 d, MK-801 (0.03 and 0.1 mg/kg, ip) or LY235959 (4 mg/kg, ip)
pretreatment effectively inhibited the development of antinociceptive tolerance to DELT II (35). In
addition, MK-801 (0.1 mg/kg, ip) or LY235959 (1, 2, or 4 mg/kg, ip) prevented the antinociceptive
tolerance induced by twice daily icv administration of the δ-1 agonist DPDPE (20 µg) in mice (36).
The inhibition of DPDPE-induced tolerance also was observed when 1-aminocyclopropane carboxylic
acid (ACPC) (150 mg/kg, sc, a competitive NMDA receptor antagonist) was coadministered with
DPDPE (0.5 µg, it) in mice (37). Collectively, it appears that antagonism of NMDA receptors may pre-
vent the development of tolerance to selective δ-opioid agonists.

1.3. κ-Opioids
Similar to δ-opioid-induced tolerance, mixed results have been reported concerning the role of

NMDA receptors in κ-opioid tolerance. Coadministration with the κ-agonist U-50488H (5 mg/kg, sc,
once daily for 5 d) of MK-801 (0.3 mg/kg, ip) or LY274614 (6 mg/kg, ip, or 24 mg/kg/24 h pump infu-
sion) did not prevent the development of antinociceptive tolerance to U-50488H as assessed by the
tail-flick test (38). Likewise, ACPC (150 mg/kg, sc) also failed to prevent tolerance induced by
repeated administration of U-50488H (5 mg/kg, sc) (37). In addition, MK-801, LY274614, or ACPC in
the doses described was ineffective in preventing the development of tolerance to the κ-3 agonist
naloxone benzoylhydrazone (50 mg/kg, sc) given once daily for 5 d (37,38).

In separate studies, MK-801 (0.01–0.3 mg/kg, ip) prevented the development of the antinociceptive
tolerance induced by twice daily ip injection of 25 mg/kg U-50488H (4 d for rats and 9 d for mice)
using the tail-flick test in both mice and rats (39). One confounding factor to the assessment of these
data is that κ-opioids may interact with both NMDA and κ-opioid receptors (40,41). It is possible that
the mixed results from these studies may be, in part, the dual functions of κ-opioids interacting with
both NMDA and κ-opioid receptors. Little has been known with regard to the role of NMDA receptors
in the development of dependence on δ- or κ-opioids.
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1.4. Summary
It has been demonstrated in numerous studies that NMDA receptors play a significant role in toler-

ance to and dependence on opioid antinociceptive effects. Several important points may be drawn from
these studies: (1) Coadministration of NMDA receptor antagonists with morphine prevents tolerance
and dependence, indicating that NMDA receptors are crucial for the development of both tolerance to
and dependence on morphine. (2) Although repeated application of NMDA receptor antagonists
reverses tolerance over time, a single treatment with an NMDA receptor antagonist does not restore the
antinociceptive effects of opioids in tolerant animals. Thus, activation of NMDA receptors is not
required for the expression of opioid tolerance. (3) Except for morphine-induced tolerance and depen-
dence, in which studies consistenly show the effectiveness of NMDA receptor antagonists, the role of
NMDA receptors in tolerance induced by selective opioid agonists (particularly δ- and κ-opioids)
remains controversial. (4) Clinically available agents with NMDA receptor antagonist properties (such
as DM, D-methadone, memantine) are generally as effective as MK-801 in preventing tolerance and
dependence in preclinical trials.

2. ROLE OF INTRACELLULAR PROTEIN KINASES

Activation of NMDA receptors initiates intracellular processes that may lead to neuroplastic
changes. A common feature of NMDA receptor activation is an increase in intracellular Ca2+ concen-
tration, which, in turn, initiates a number of second/third-messenger-mediated intracellular processes.
One such process is the redistribution (translocation from cytosolic to membrane-bound form) and
activation of the Ca2+-sensitive protein kinase C (PKC). It is known that Ca2+-regulated PKC translo-
cation and activation are associated with a variety of central nervous system (CNS) functional changes
that occur by means of protein phosphorylation. The following sections will briefly discuss the role of
NMDA receptor-mediated activation of protein kinases, particularly PKC, in the development of opi-
oid tolerance.

2.1. Behavioral Evidence
A growing body of evidence indicates an important role of protein kinases, particularly PKC, in

the development of antinociceptive tolerance (42–46). It has been shown that antinociceptive toler-
ance to morphine, butorphanol, DAMGO, or DELT II can be prevented by coadministration with
opioids of the nonselective protein kinase inhibitor H7 (morphine, butorphanol) (46,47), the PKC
translocation blocker GM1 ganglioside (morphine) (42,44), or the selective PKC inhibitor calphostin
C (DELT II, DAMGO) (45). Inhibition of protein kinase A (PKA) with KT5720 has not been effec-
tive in preventing the antinociceptive tolerance to DAMGO or DELT II (45). Additional evidence for
the involvement of PKC in DELT II-mediated antinociception is that it administration of phorbol
12,13-dibutyrate (PDBu), a PKC activator, produced calphostin C-reversible attenuation of antinoci-
ception induced by it DELT II, whereas PDBu alone had no effect on the nociceptive threshold in the
mouse tail-flick test (45).

2.2. Electorphysiological Evidence
Further evidence for the intracellular modulation of µ-opioid receptor desensitization through the

calcium/calmodulin-dependent kinase and PKC was elegantly demonstrated in a recent study using a
human µ-opioid receptor cDNA (48). In that study, both µ-opioid receptor (encoded by a cDNA from
human µ-opioid receptors) and a cloned G-protein-activated K+ channel (displaying coupling to the µ-
opioid receptor) were coexpressed in Xenopus oocytes. The verification of µ-opioid receptors was con-
firmed by binding to selective µ-opioid agonists and antagonists. Under these conditions, functional
desensitization of µ-opioid receptors, as reflected by reduced K+ currents following repeated exposure
to µ-opioids, was potentiated by both the calcium/calmodulin-dependent kinase and PKC (48). These
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results provide convincing evidence for the protein-kinase-mediated modulation of functional µ-opioid
receptors. Interestingly, a recent study has shown that activation of PKC also decreases µ-opioid
receptor mRNA levels (49), suggesting that PKC may also have a role in regulating the µ-opioid recep-
tor turnover. The functional importance of the PKC-mediated µ-opioid receptor turnover in mecha-
nisms of opioid tolerance is yet to be determined.

2.3. Autoradiographic and Immunocytochemical Evidence
Spinal cord levels of membrane-bound PKC increase reliably as morphine tolerance develops (42).

This increase in membrane-bound PKC occurs mainly within laminae I–II of the spinal cord dorsal
horn, a region showing increased levels of PKC translocation in nerve-injured animals with demon-
strable thermal hyperalgesia (50,51). This tolerance-associated increase in membrane-bound PKC was
reduced by it treatment with the PKC translocation blocker GM1 ganglioside (42). In another study,
however, only cytosolic PKC, but not membrane-bound PKC, was upregulated in the pons and
medulla following chronic morphine administration (52), although the affinity of PDBu binding to
membrane-bound PKC was increased in the brain under the same condition (47).

More evidence for PKC changes in morphine-tolerant rats was provided by a recent study utilizing
an immunocytochemical method. In that study, the development of morphine tolerance was shown to
be associated with increases in immunoreactivity of a PKC isoform (PKCγ) in laminae I–II dorsal horn
neurons (43). Such increases in PKCγ immunoreactivity along with behavioral manifestations of mor-
phine tolerance were prevented by it administration of MK-801 (43). Increases in PKCγ immunoreac-
tivity in similar spinal cord dorsal horn regions also were seen in rats with nerve-injury-induced
thermal hyperalgesia, further suggesting the involvement of common regions of the spinal cord dorsal
horn in mechanisms of hyperalgesia and morphine tolerance. In contrast, spinal cord PKC levels did
not change in saline control rats receiving a single injection of morphine (43), suggesting that activa-
tion of NMDA receptors and subsequent intracellular PKC within the spinal cord reflects neuroplastic
changes following repeated exposure to opioids.

It should be noted that a different mechanism of µ-opioid receptor desensitization involving G-pro-
tein-coupled receptor kinases, but not PKC, also has been proposed (53–55). It has been shown that β-
adrenergic receptor kinase 2 and β-arrestin 2, both of which are G-protein-coupled receptor kinases,
synergistically desensitize homologous µ-opioid as well as δ-opioid receptors (54). It will be of inter-
est to investigate how different intracellular processes converge to influence the cellular and molecular
mechanismas of opioid tolerance.

3. MECHANISMS OF NMDA RECEPTOR-MEDIATED OPIOID TOLERANCE

3.1. Critical Issues Regarding NMDA Receptors and Opioid Tolerance
A critical issue concerning NMDA receptors and the development of opioid tolerance is how

exogenous opioid administration leads to the activation of NMDA receptors. This remains the core
issue for understanding the involvement of NMDA receptors in the cellular and molecular mecha-
nisms of opioid tolerance and dependence. Several points should be considered in view of the data
discussed above. First, in a well-controlled experimental model of opioid tolerance, the primary vari-
able is the prolonged exposure of opioid receptors to an opioid agonist. Yet, NMDA receptors are crit-
ically recruited during the process, leading to the development of opioid tolerance, and there is no
reliable evidence suggesting that opioids may directly activate the NMDA receptor. Second, NMDA
receptor activation is not required for the expression of tolerance, nor does the acute blockade of
NMDA receptors reverse an established tolerance status. Third, the NMDA receptor is a unique volt-
age/ligand-gated receptor and its activation requires the removal of the Mg2+ blockade following a
partial membrane depolarization. It appears difficult to envision that the NMDA receptor would be
activated following exposure to opioids given the overwhelming hyperpolarization induced by opioids
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under most circumstances. Fourth, NMDA receptor-mediated intracellular events such as PKC activa-
tion are crucial for the development of opioid tolerance, as inhibition of PKC activation effectively
prevents the development of opioid tolerance. Thus, a cellular model of NMDA receptor-mediated
opioid tolerance should include these important experimental observations.

Although in an intact system the involvement of a neural circuitry cannot be ruled out in mecha-
nisms of NMDA receptor-mediated opioid tolerance, studies do support interactions between NMDA
and opioid receptors at a single-cell level (56,57). In a study utilizing an in vitro trigeminal dorsal horn
neuron preparation, NMDA receptor-mediated inward membrane current (depolarization) was initially
induced by glutamate (56). The magnitude of this inward membrane current was paradoxically
enhanced by the addition of exogenous µ-opioid agonists. A critical intracellular component that medi-
ates this µ-opioid effect must be PKC, because activating and inhibiting PKC, respectively, facilitated
and blocked the enhancement by µ-opioid agonists of this NMDA-mediated inward membrane current
(56). This PKC effect was subsequently shown to result from a PKC-mediated removal of the Mg2+

blockade of the NMDA receptor (57), making it possible that the NMDA receptor could be activated
even under overwhelming inhibitory opioid actions. A necessary condition for this to happen is that
NMDA and (µ)-opioid receptors are colocalized in a single neuron. Indeed, such a colocalization has
been shown in both supraspinal regions (58–60) and the spinal cord dorsal horn (61). These lines of
evidence are the building blocks for a cellular model of µ-opioid tolerance shown next.

3.2. A Spinal Cord Model of µ-Opioid Tolerance
Given the interactions between µ-opioid and NMDA receptors and the behavioral evidence indicat-

ing a role of NMDA receptors, PKC, and nitric oxide (NO) in µ-opioid tolerance, we previously pro-
posed that the development of tolerance to the analgesic effects of µ-opioids is a consequence of a
series of cellular and intracellular events initiated by opioid administration, and at least one central
locus of such action is in the superficial laminae of the spinal cord dorsal horn (42–44,62,63). The fol-
lowing discussion is based on the frame of a cellular model involving interactions between NMDA and
µ-opioid receptors (42,44,62).

As shown in Fig. 1, µ-opioid receptor occupation by an exogenous ligand such as morphine may
initiate second-messenger (G-protein)-mediated PKC translocation and activation. The involvement
of a second messenger is suggested by the observation that PKC-mediated NMDA receptor sensiti-
zation takes about 2–4 min to occur after the addition of exogenous µ-opioid agonists in an in vitro
preparation (56). PKC activation removes the Mg2+ blockade from the NMDA receptor–channel
complex via PKC-mediated phosphorylation of receptor–channel sites (57). With this blockade
removed, even the physiological level of endogenous NMDA receptor ligands may activate the
NMDA receptor (64) and allow a localized NMDA receptor/Ca2+ channel opening leading to an
increase in intracellular Ca2+ concentration. An elevation of the intracellular Ca2+ level may result in
the activation of additional PKC, production of NO via Ca2+ calmodulin-mediated activation of NO
synthase, and/or regulation of gene expression via MAP kinases (MAPKs). Although PKC can be
activated following repeated µ-opioid activation, the NMDA receptor activation is required in this
process to ensure sufficient and enduring activation of PKC, via Ca2+ actions and/or de novo PKC
production and other intracellular moleculars.

PKC may then modulate the µ-opioid-activated G-protein-coupled K+ channel or uncouple G-pro-
teins from the µ-opioid receptor, resulting in decreased responsiveness of µ-opioid receptors and
behavioral manifestations of opioid tolerance. Changes in the responsiveness of opioid receptors and
the dissociation between G-proteins and opioid receptors have already been suggested to be a contrib-
utory factor to the cellular mechanisms of opioid tolerance (26,65–69). This hypothesis is in agree-
ment with previous autoradiographic data showing that morphine tolerance develops without
concurrent downregulation (decreases in receptor numbers and/or binding affinity) of µ-opioid recep-
tors (70,71) and is supported by observations that protein kinases can indeed modulate the µ-opioid
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receptor responsiveness (45,46,48,72). In particular, PKC has been shown to facilitate the desensitiza-
tion of µ-opioid receptor coupling through a G-protein to an inwardly rectifying K+ channel (73).
More recently, a PKC isoform, PKCγ, has been shown convincingly to attenuate µ-opioid receptor-
mediated G-protein activation following chronic administration of DAMGO, further indicating a criti-
cal role of the NMDA receptor/PKC pathway in the cellular mechanisms of µ-opioid tolerance (74).

Fig. 1. A spinal cord model of µ-opioid tolerance. Postsynaptic opioid (µ) receptor occupation by an exogenous
ligand such as morphine may initiate G-protein-mediated PKC translocation and activation. PKC translocation/acti-
vation facilitates the removal of the Mg2+ blockade from NMDA receptors. With this blockade removed, the NMDA
receptor could be activated in the absence of excessive release of glutamate from presynaptic sources. An elevation of
the intracellular Ca2+ level leads to the activation of additional PKC and production of NO via Ca2+ calmodulin-
mediated activation of NO synthase. PKC may modulate the µ-opioid-activated G-protein-coupled K+ channel or
attenuate G-protein activation. PKC may also regulate gene expression and contribute to the NMDA receptor-medi-
ated neurotoxic process, either directly or indirectly via MAPKs. In addition, NO may activate various protein kinases
by means of increasing cGMP and thus participate in the modulation of the µ-opioid-activated G-protein-coupled K+

channel within the same cell. NO could also diffuse out of the neuron that produces it, thereby enhancing presynaptic
release of glutamate/aspartate resulting in a positive feedback; that is, opioids may increase the basal level of presy-
naptic glutamate release via the NO mechanism initiated by the postsynaptic opioid action. The role of presynaptic
µ-opioid, NMDA and metabotropic glutamate receptors as well as postsynaptic NK-1, non-NMDA receptors, and
metabotropic glutanmate receptors in the development of opioid tolerance remains to be elucidated. Because many of
the intracellular steps following activation of the NMDA receptor in this proposed model are similar to those that
occur following nerve-injury-induced hyperalgesia, it has been shown that NMDA receptor-mediated intracellular
changes initiated by peripheral nerve injury may lead to both the development of hyperalgesia and the reduced effec-
tiveness of opioid antinociception, mimicking the status of pharmacological tolerance. Collectively, this model shows
interactions between the cellular and molecular mechanisms of opioid tolerance and hyperalgesia.
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It is conceivable that NO may participate in the modulation of the µ-opioid-activated G-protein-
coupled K+ channel within the same cell by activating various cGMP-associated protein kinases (75).
NO may also diffuse out of the neuron that produces it and influence the presynaptic glutamate/aspar-
tate release (76), resulting in a positive feedback. Such NO actions may then counteract presynaptic
inhibitory effects of opioids on neurotransmitter release, further diminishing the analgesic effects of µ-
opioids. In addition, spinal cord endogenous opioids and adrenergic agonists could be released via the
action of extracellular NO (77) and their role in mechanisms of µ-opioid tolerance remains to be deter-
mined. Further, the downstream activation of intracellular pathways such as MAPKs may result in
translational and posttranscriptional modifications leading to prolonged neuroplastic changes. Perhaps
more importantly, neurotoxic consequences may occur following prolonged and excessive activation
of NMDA receptors and the associated intracellular pathways, causing potentially irreversible changes
within the central nervous system (78–80).

3.3. Limitations of the Proposed Cellular Model
Although much effort has been made to formulate a cellular model that may incorporate the experi-

mental data accumulated over the last decade (44,62,81–83), it becomes clear that the cellular and
molecular mechanisms of NMDA receptor-mediated opioid tolerance and dependence are much more
complex across subtypes of opioid receptors. It should be noted that although interactions between
postsynaptic µ-opioid and NMDA receptors are emphasized in this model, this consideration does not
exclude a possible role of presynaptic glutamate receptors in the spinal cord mechanisms of µ-opioid
tolerance. Activation of presynaptic glutamate receptors (the metabotropic type) has been shown to
enhance glutamate release from cerebrocortical nerve terminals (84). Indeed, metabotropic glutamate
receptors (particularly type II/III) and their interactions with δ-opioid receptors have been suggested to
be involved in the mechanisms of NMDA receptor-mediated µ-opioid tolerance primarily for the initi-
ation of PKC activation following opioid administration (81).

In addition, several studies utilizing a cellular model (in the locus coeruleus) of morphine tolerance
have implicated the upregulation of the cAMP–PKA system in mechanisms of morphine tolerance
(68,85). It will be of interest to determine whether similar PKA upregulation and their interactions
with PKC occur at the spinal cord level of tolerant animals. Similarly, investigations on the role of
NMDA receptors in supraspinal mechanisms of µ-opioid tolerance would be expected to provide valu-
able information regarding the generality of the NMDA receptor-mediated cellular and intracellular
mechanisms in µ-opioid tolerance. Finally, the involvement of NMDA receptors in mechanisms of δ-
and κ-opioid tolerance remains to be elucidated.

4. INTERACTIONS BETWEEN NMDA RECEPTOR-MEDIATED MECHANISMS
OF OPIOID TOLERANCE AND NEUROPATHIC PAIN

4.1. Opioid Tolerance and Neuropathic Pain
As discussed above, NMDA receptor-mediated cellular and intracellular changes occur within the

rat’s spinal cord following repeated exposure to opioids. Similar cellular and intracellular changes
have been observed at the spinal cord level in animal models of neuropathic pain. Several lines of evi-
dence suggest that these NMDA receptor-mediated changes are the neural basis of spinal cord neuro-
plastic changes responsible for the behavioral manifestations of both opioid tolerance and hyperalgesia
(a sign of neuropathic pain) (62). Because these changes occur at the same spinal cord loci, it is possi-
ble that interactions may occur between NMDA receptor-mediated changes following repeated opioid
exposure and neuropathic pain; that is, opioids may exacerbate hyperalgesia associated with at least
certain types of neuropathic pain and lead to hyperalgesia even in the absence of pre-existing neuro-
pathic pain. A corollary of this is that neuroplastic changes from neuropathic pain may, under some
circumstances, reduce the response to opioid analgesics.
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Because NMDA receptors are critical for the development of both hyperalgesia and µ-opioid toler-
ance, conditions such as peripheral nerve injury leading to the development of hyperalgesia have been
shown to decrease the antinociceptive effectiveness of opioids in the absence of repeated exposure to
opioids (86–88). The reduced opioid analgesia mimics pharmacological tolerance, thereby signifi-
cantly hampering the ability of opioids to treat neuropathic pain. Conversely, because repeated expo-
sure to opioids, a process leading to the development of pharmacological tolerance, involves activation
of NMDA receptors, NMDA receptor-mediated hyperalgesia does, indeed, occur in association with
the development of µ-opioid tolerance (44,89,90), further reducing the effectiveness of opioid anal-
gesics. In this regard, repeated opioid administration would not only result in the development of toler-
ance (a desensitization process) and also lead to activation of the pain facilitatory process (a
sensitization process). Thus, interactions between opioid and NMDA receptors may play a significant
role in neuroplastic changes following repeated opioid exposure and neuropathic pain.

4.2. Clinical Implications
The interactions between neuroplastic changes following repeated opioid exposure and neuropathic

pain have clear clinical implications. For example, it is a common clinical experience that opioids are
less effective and often unreliable for treating neuropathic pain such as that resulting from peripheral
nerve injury. It is conceivable that the diversity of clinical response patterns to opioid therapy in neuro-
pathic pain patients may result from various degrees of CNS neuroplastic changes initiated by condi-
tions of neuropathic pain. Such neuroplastic changes may underlie the development of neuropathic
pain syndromes and also result in a reduction of the antinociceptive effects of opioids.

On the other hand, repeated treatment with opioids could lead to changes within the spinal cord
through interactions between opioid and NMDA receptors, mimicking the condition of neuropathic
pain following nerve injury. Apparently, a common factor in both directions is the activation of NMDA
receptors. This concept is the basis for recommending a combined use of opioids and clinically avail-
able NMDA receptor antagonists, because these two classes of agents would complement each other in
a well-balanced treatment regimen (62). Importantly, such a strategy should be integrated into treat-
ment regimens both for managing chronic pain syndromes and preventing an evolving pain condition
such as that after nerve injury (83,91).

Our understanding of the cellular and molecular mechanisms of opioid tolerance has been signifi-
cantly advanced over the last decade. Evidence suggests that mechanisms of opioid tolerance have
much in common with NMDA receptor-mediated neuroplastic changes that are associated with many
types of substance abuse and neurological disorder. Although details of such mechanisms remain to be
elaborated, it can be anticipated that studies on the NMDA receptor-mediated cellular and molecular
mechanisms of opioid tolerance and their interactions with those of neuropathic pain will lead to
improvement in opioid therapy for pain management.
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The Role of NMDA Receptors in Opiate Tolerance,

Sensitization, and Physical Dependence
A Review of the Research, A Cellular Model, and Implications 

for the Treatment of Pain and Addiction

Keith A. Trujillo, PhD

1. INTRODUCTION 

When administered acutely, opiates such as morphine produce characteristic behavioral effects,
including a decrease in pain responsiveness (analgesia) and an increase in pleasure (euphoria).
Because of their profound ability to produce analgesia, opiates are the drugs of choice for the treat-
ment of severe or chronic pain. Because of their ability to produce positive reinforcement and pleasure,
these drugs are widely self-administered and, therefore, represent an important class of abused drugs.
Long-term treatment with opiates, as well as other drugs of abuse, leads to three well-known conse-
quences: tolerance, which is a decrease in an effect of a drug with chronic use; sensitization, which is
an increase in an effect of drug with chronic use; and physical dependence, which is a physiological
change produced by chronic use, such that the absence of the drug results in an unpleasant withdrawal
syndrome* (1–3). Tolerance, sensitization, and physical dependence are important in both the clinical
use of opiates and in their self-administration. For example, the development of tolerance to the anal-
gesic effect of opiates may lead to the need to escalate the dose during the treatment of chronic pain,
whereas tolerance to the euphorigenic effect may be a factor in the escalation of drug use in addicts
(4). Conversely, tolerance to dose-limiting side effects may allow addicts to escalate drug intake and
achieve greater euphorigenic effects. The development of sensitization is thought to be involved in the
craving that occurs following chronic use of drugs of abuse and, therefore, critical to addiction (5,6).
Finally, the avoidance of withdrawal in physically dependent individuals is considered to be an impor-
tant factor in maintaining self-administration (2,4).

Although tolerance, sensitization, and physical dependence have been widely studied, there is still
an incomplete understanding of the neural mechanisms involved in their development and expression.
Recent experiments suggest that excitatory amino acid systems and, in particular, N-methyl-D-aspar-
tate (NMDA) receptors may have an important role in these phenomena. This review will explore the
role of NMDA receptors in the behavioral changes that occur following long-term opiate administra-
tion, including tolerance, sensitization, and physical dependence. I will focus on opiates that act at the
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* It is important to note that tolerance and sensitization occur to selected behavioral effects of a drug, rather than to all
effects. Because of this, tolerance may occur to some effects, sensitization to others, and yet other effects may show no
change with chronic use.
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µ-opioid receptor, because these drugs have been more widely studied than drugs acting on the δ or κ
receptors and are more relevant to both addiction and the treatment of pain. The evidence suggests that
NMDA receptors are widely involved in opiate-induced neural and behavioral plasticity, including the
development of tolerance, sensitization, and physical dependence. Key research findings are discussed,
as well as controversies in the field, a potential cellular model, and clinical relevance.

2. NMDA RECEPTORS

Although NMDA receptors are described in detail in other chapters in this volume, it will be helpful
to offer a brief description here before entering into a detailed discussion of their involvement in opiate
tolerance, sensitization, and physical dependence. NMDA receptors are a type of ionotropic excitatory
amino acid receptor—large protein complexes, with a central ion channel and several sites to which
neurotransmitters and drugs can bind and affect receptor activity. Key sites on the receptor include the
competitive site, the glycine site, the noncompetitive site, and the polyamine site. Binding of an excita-
tory amino acid to the competitive site on the receptor complex opens the ion channel and allows cal-
cium to flow into the neuron. When calcium enters the neuron, it can activate a variety of
calcium-dependent enzymes and thereby modify neuronal function. Activation of NMDA receptors by
competitive site agonists requires coactivation of the glycine site on the complex. Because glycine
appears to be required for receptor function, it has been referred to as a coagonist of the NMDA recep-
tor. The noncompetitive or phencyclidine (PCP) site is located within the ion channel. Drugs acting at
this site block the open ion channel and prevent the influx of calcium, thereby inhibiting receptor func-
tion (These drugs are sometimes referred to as uncompetitive antagonists because their ability to block
the receptor is dependent on receptor activation.) The final key site is the polyamine site; drugs acting
at this site noncompetitively affect receptor activity (Fig. 1). The number of modulatory sites on the
NMDA receptor complex allows for numerous pharmacological tools to explore the role of this recep-
tor in physiology and behavior (7–13).

N-Methyl-D-aspartate receptors have been suggested to have a general role in neural and behavioral
plasticity. Drugs that block these receptors have been found to interfere with several different types of
neural and behavioral plasticity, including learning, long-term potentiation (LTP), long-term depres-
sion (LTD), neural development, kindling, and sensitization to pain (7,10–12,14–24). A notable obser-
vation in these studies is that NMDA receptor antagonists interfere with the development or
acquisition of these phenomena, but not their expression. For example, NMDA receptor antagonists
interfere with certain types of learning if administered during training, but they do not abolish learned
responses if administered during testing. Similarly, these drugs block LTP if administered during its
induction, but do not reverse this phenomenon after it is established. This pattern of results suggests
that NMDA receptors are involved in the cellular changes that underlie the development of these forms
of neural and behavioral plasticity. Evidence suggests that calcium influx and subsequent intracellular
events associated with this influx mediate the role of NMDA receptors in neural and behavioral plas-
ticity (7,10–12,19,20).

3. NMDA RECEPTORS AND THE DEVELOPMENT OF TOLERANCE 
TO OPIATE ANALGESIA

Over a decade ago, we began studies on the potential role of NMDA receptors in opiate tolerance
and physical dependence. Reasoning that opiate tolerance and dependence were good examples of
neural and behavioral plasticity, we hypothesized that NMDA receptors might be involved in these
phenomena, in a manner similar to their involvement in learning and other forms of neural and
behavioral plasticity. This hypothesis led us to predict that NMDA receptor antagonists would inhibit
the development but not the expression of opiate tolerance and physical dependence. Initial studies
on these phenomena suggested that this was, indeed, the case. In 1991, we reported that the potent
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and selective NMDA receptor antagonist, MK-801, inhibited tolerance to the analgesic effect of
morphine without affecting pain responsiveness on its own and without altering acute morphine
analgesia (25). In these studies, MK-801 inhibited tolerance when coadminstered with morphine
during the acquisition of this phenomenon, but did not affect morphine analgesia in tolerant animals.
Thus, as predicted, the NMDA receptor anatagonist inhibited the development but not the expression
of morphine tolerance. Marek and co-workers (26) reported similar findings in studies using MK-
801 and the nonselective excitatory amino acid antagonist kynurenic acid. Inhibition of tolerance to
the analgesic effects of morphine by NMDA receptor antagonists has been subsequently replicated
by many different laboratories using a variety of different drugs, including noncompetitive NMDA
receptor antagonists, competitive NMDA receptor antagonists, and NMDA receptor glycine-site
antagonists (Tables 1 and 2). Similar findings have been obtained with drugs that affect a key sec-
ond-messenger cascade downstream from NMDA receptor activation, nitric oxide (see Chapter 20).
There is general agreement from these studies that NMDA receptor antagonists inhibit the develop-
ment but not the expression of tolerance to the analgesic effect of morphine. Although a variety of
drugs have been found to modify opiate analgesia and tolerance in other ways (69), the ability to
inhibit the development, but not the expression, of opiate tolerance appears to be unique to NMDA
receptor antagonists and drugs, such as nitric oxide synthase inhibitors, that inhibit the events subse-
quent to NMDA receptor activation (2,3,70–73). This pattern of action suggests that NMDA recep-
tors are involved in the neural plasticity responsible for the acquisition of tolerance to the analgesic
effect of morphine.

Fig. 1. Schematic diagram of the NMDA receptor complex. Key sites on the receptor complex at which drugs
can bind and affect receptor activity are shown, including the competitive site, the glycine (coagonist) site, the non-
competitive (PCP) site, and the polyamine site. Binding of an excitatory amino acid to the competitive site,
together with binding of glycine to the coagonist site, opens the ion channel, allowing calcium ions to flow into the
neuron. Influx of calcium appears to play a critical role in many of the cellular processes in which NMDA recep-
tors are involved. See text for further discussion.
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Table 1
Inhibition of the Development of Tolerance to the Analgesic Effects of Opiates by Noncompetitive
NMDA Receptor Antagonists

NMDA receptor 
antagonist Species Tolerance inductiona Citation

MK-801 Rat Repeated injections Trujillo and Akil, 1991 (25)
Rat Repeated injections Marek et al., 1991 (26)
Rat Repeated injections Marek et al., 1991 (27)
Rat SRP Ben-Eliyahu et al., 1992 (28)
Rat Pellets Bhargava and Matwyshyn, 1993 (29)
Rat (spinalized) Pellets Gutstein and Trujillo, 1993 (30)
Rat (intrathecal) Repeated injections Kest et al., 1993 (31)
Mouse Repeated injections Lutfy et al., 1993 (32)
Rat Repeated injections Tiseo and Inturrisi, 1993 (33)
Mouse Repeated injections Elliott et al., 1994 (34)
Rat (intrathecal) Repeated injections Mao et al., 1994 (35)
Rat Repeated injections, pellets Trujillo and Akil, 1994 (36)
Rat (intrathecal) Repeated injections Mao et al., 1995 (37)
Mouse Repeated injections Verma and Kulkarni, 1995 (38)
Mouse Repeated injections Bilsky et al., 1996 (39)
Rat (intrathecal) Pumps Dunbar and Yaksh, 1996 (40)
Mouse Repeated injections Lutfy et al., 1996 (41)
Rat Pumps Manning et al., 1996 (42)
Rat (intrathecal) Pumps Wong et al., 1996 (43)
Mouse (intrathecal) Repeated injections Fairbanks and Wilcox, 1997 (44)
Mouse SRP Gonzalez et al., 1997 (45)
Mouse Repeated injections, pellets McLemore et al., 1997 (46)
Mouse Stress induced Vaccarino and Clavier, 1997 (47)
Mouse Repeated injections, Belozertseva and Bespalov, 1998 (48)

social defeat
Rat Repeated injections Larcher et al., 1998 (49)
Rat (intrathecal) Pumps McCarthy et al., 1998 (50)
Rat (intrathecal) Repeated injections Mao et al., 1998 (51)
Mouse Repeated topical Kolesnikov and Pasternak, 1999 (52)
Rat Repeated injections Koyuncuoglu et al., 1999 (53)
Rat Repeated injections Laulin et al., 1999 (54)

Phencyclidine Rat Repeated injections, pellets Trujillo and Akil, 1994 (36)
Ketamine Rat Pellets Trujillo and Akil, 1994 (36)

Rat Repeated injections, pellets Shimoyama et al., 1996 (55)
Rat (intrathecal)
Mouse SRP Gonzalez et al., 1997 (45)
Mouse Repeated topical Kolesnikov and Pasternak, 1999 (56)

Dextrorphan Rat Pellets Trujillo and Akil, 1994 (36)
Dextromethorphan Mouse Repeated injections, Elliott et al., 1994 (57)

pumps, pellets
Rat Pumps Manning et al., 1996 (42)
Rat Repeated oral Mao et al., 1996 (58)

Memantine Mouse Repeated injections, Belozertseva and Bespalov, 1998 (48)
social defeat

Mouse Repeated injections Popik and Kozela, 1999 (59)
Ibogaine Mouse Repeated injections Cao and Bhargava, 1997 (60)
d-Methadone Rat (intrathecal) Repeated injections Davis and Inturrisi, 1999 (61)

Mouse

a SRP = slow-release injectable preparation; pumps = slow-release osomotic minipumps; pellets = slow-release mor-
phine pellets
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4. NMDA RECEPTORS AND THE DEVELOPMENT OF TOLERANCE 
TO OTHER BEHAVIORAL EFFECTS OF OPIATES

In addition to analgesia, opiates produce a number of other physiological and behavioral effects.
Tolerance may develop to some of these effects, but not to others. Moreover, an involovement of
NMDA receptors in tolerance to opiate analgesia does not necessarily translate to an involvement of
these receptors in tolerance to other opiate effects. In order to better understand the role of NMDA
receptors in opiate-induced neural and behavioral plasticity, it is important to go beyond analgesia and
explore the many other physiological and behavioral effects of opiates. Although not as extensive as
the research on tolerance to opiate analgesia, work has begun on the role of NMDA receptors in toler-
ance to other effects of opiates, including temperature regulation, locomotor depression, suppression
of operant responding, and discriminative stimulus effects (Table 3).

4.1 Temperature Regulation
The first systematic attempt to explore the role of NMDA receptors in tolerance to effects other than

analgesia was reported by Bhargava and Matwyshyn (29). In these studies, morphine produced potent
analgesia and an increase in body temperature (hyperthermia), and tolerance developed to both of
these effects with chronic administration. MK-801 inhibited the development of tolerance to the anal-
gesic effect, but not to the hyperthermic effect of morphine. Given that the two measures were made in
the same animals, the dissociation between these effects is striking. These results suggest that although
NMDA receptors are involved in the development of tolerance to some actions of opiates, their
involvement may not be universal.

4.2. Locomotor Depression
Morphine produces robust effects on locomotion in laboratory rats. At lower doses, this is seen as a

mild locomotor stimulation. At higher doses, a biphasic response emerges, with an initial depression of

Table 2
Inhibition of the Development of Tolerance to the Analgesic Effects of Opiates by Competitive 
and Glycine-Site NMDA Receptor Antagonists

NMDA receptor antagonist Species Tolerance inductiona Citation

Competitive Antagonists
NPC17742 Mouse Repeated injections Kolesnikov et al., 1993 (62)
LY274614 Rat Repeated injections Tiseo and Inturrisi, 1993 (33)

Mouse Repeated injections Elliott et al., 1994 (34)
Rat Pellets Tiseo et al., 1994 (63)

LY235959 Mouse Repeated injections Bilsky et al., 1996 (39)
Mouse (intrathecal) Repeated injections Fairbanks and Wilcox, 1997 (44)
Mouse Repeated injections, pellets McLemore et al., 1997 (46)
Rat Repeated injections Allen and Dykstra, 1999 (64)
Rat Repeated injections Allen and Dykstra, 2000 (65)

D-AP-5 Rat (intrathecal) Pumps Wong et al., 1996 (43)
CGP 39551 Mouse SRP Gonzalez et al., 1997 (45)

Glycine-Site Antagonists
ACPC Mouse Repeated injections Kolesnikov et al., 1994 (66)
ACEA-1328 Mouse Repeated injections Lutfy et al., 1995 (67)

Mouse Repeated injections Lutfy et al., 1996 (41)
Mouse Repeated injections Lutfy et al., 1999 (68)

a SRP = slow-release injectable preparation; pumps = slow-release osomotic minipumps; pellets = slow-release mor-
phine pellets
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locomotion seen in the first 1–2 h after administration, followed by stimulation of locomotor activity
over the next 2–3 h (76,78–85). With repeated administration, tolerance develops to the locomotor
depression, and sensitization to the locomotor stimulation (70,76,78–83,85).

In early studies on the effects of NMDA receptor antagonists on tolerance to opiate analgesia, we
reported anecdotal evidence that these drugs may inhibit tolerance to the locomotor depressant effect
of morphine. Although not systematically quantified, qualitative assessment of the animals suggested
that morphine-induced locomotor depression persisted longer in animals that received coadministra-
tion of morphine with NMDA receptor antagonists (36). This observation was confirmed by Jeziorski
et al. (74), who reported that MK-801 and the competitive NMDA receptor antagonist CGS 19755
inhibited the development of tolerance to the locomotor-depressant effect of morphine. On the other
hand, a more recent study by Tzschentke and Schmidt (75) suggests that MK-801 does not inhibit tol-
erance to the locomotor-depressant effect of morphine. It should be noted that this latter study utilized
a complicated experimental design that may have interfered with the ability to detect certain drug
effects (see ref. 70 for a more detailed discussion). Thus, published studies to date appear to conflict on
whether or not NMDA receptors are involved in the development of tolerance to morphine-induced
locomotor depression.

We have recently begun studies to address this question and more thoroughly explore the poten-
tial role of NMDA receptors in tolerance to the locomotor depressant effect of opiates. In the first
series of studies, we examined the effects of MK-801 on three different forms of opiate-induced
behavioral plasticity, all in the same animals: tolerance to the locomotor-depressant effect of mor-
phine, tolerance to morphine-induced analgesia, and sensitization to the locomotor-stimulant effect
of morphine (76,86). In these studies, MK-801 inhibited the development, but not the expression of
all three phenomena. Moreover, very recent experiments suggest that the low-affinity noncompeti-
tive NMDA receptor antagonist memantine also inhibits tolerance to the locomotor-depressant
effect of morphine (Peterson and Trujillo, unpublished observations). Taken together, we believe
the data support a role for NMDA receptors in the development of tolerance to the locomotor-
depressant effect of opiates.

Table 3
Inhibition of the Development of Tolerance to Effects of Opiates Other Than Analgesia by NMDA
Receptor Antagonists

NMDA receptor Inhibition of 
antagonista Species Opiate effect tolerance? Citation

MK-801 (noncomp) Rat Hyperthermia No Bhargava and Matwsyshyn, 1993 (29)
MK-801 (noncomp) Rat Locomotor depression Yes Jeziorski et al., 1994 (74)
CGS 19755 (comp)
MK-801 (noncomp) Rat Locomotor depression No Tzschentke and Schmidt, 1996 (75)b

MK-801 (noncomp) Locomotor depression Yes Swadley-Lewellen and Trujillo, 1998 (76)
MK-801 (noncomp) Rat Suppression of operant Yes Bespalov et al., 1999 (77)
D-CPPene (comp) responding
HA-966 (glycine)
Eliprodil (polyamine)
D-CPPene (comp) Rat Discriminitive stimulus Yes Bespalov et al., 1999 (77)
Eliprodil (polyamine) effect

a Noncomp = noncompetitive antagonist; comp = competitive antagonist; glycine = glycine-site antagonist; polyamine =
polyamine-site antagonist.

b Although the Tzschentke and Schmidt (75) study purportedly examined sensitization, this is an apparent misinterpreta-
tion. As discussed previously (70), the effects observed appeared to be tolerance to the locomotor-depressant effect of mor-
phine, rather than sensitization to the locomotor-stimulant effect.
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4.3. Suppression of Operant Responding
Another robust effect of opiates, when administered acutely, is the ability to suppress operant

responding. This effect is likely related to opiate-induced locomotor depression, discussed above—
opiates produce suppression of a variety of behaviors, including locomotor activity and operant
responding, when administered acutely in high doses. Recently, Bespalov and co-workers (77)
obtained evidence that NMDA receptor antagonists inhibit the development of tolerance to morphine-
induced suppression of operant responding. Although the study was designed to explore the develop-
ment of tolerance to the discriminitive stimulus effects of morphine, the investigators noted a potent
reduction in the rate of responding with morphine and the development of tolerance to this effect. Each
of the NMDA receptor antagonists used in this experiment (a noncompetitive antagonist, a competitive
antagonist, a glycine-site antagonist, and a polyamine-site antagonist) inhibited tolerance to morphine-
induced suppression of operant responding. The fact that drugs acting on all four sites on the NMDA
receptor complex produced similar effects provides a powerful demonstration of the potential role of
NMDA receptors in this phenomenon. Although a different behavioral end point was used than typi-
cally seen in studies of locomotor depression, we believe that these results are consistent with the idea
that NMDA receptors are involved in tolerance to the locomotor-depressant effects of opiates. Alterna-
tively, these results may suggest involvement of NMDA receptors in the development of tolerance to
yet another opiate-induced behavior.

4.4. Discriminitive Stimulus Effects
As noted above, Bespalov and co-workers (77) explored the potential role of NMDA receptors in

tolerance to the discriminitive stimulus effects of morphine. In this study, morphine produced a potent
stimulus effect, and tolerance developed to this effect with repeated administration. Interestingly, the
development of tolerance to the stimulus effect of morphine was inhibited by the competitive antago-
nist D-CPPene and the polyamine-site antagonist eliprodil, but not by MK-801 or the glycine-site par-
tial agonist (+)-HA-966. Although it is nuclear why differences were seen across these compounds, the
results offer intriguing preliminary evidence that NMDA receptors may be involved in tolerance to the
discriminitive stimulus effects of opiates.

4.5. Summary
It is striking that NMDA receptor antagonists have the ability to inhibit tolerance to a variety of dif-

ferent opiate effects, including analgesia, locomotor depression, suppression of operant responding,
and discriminitive stimulus effects. These results suggest that NMDA receptors may have a wide-
spread role in the development of opiate tolerance. This role, however, is apparently not universal, as
MK-801 did not inhibit the development of tolerance to morphine-induced hyperthermia. In a similar
demonstration, Rauhala and co-workers (87) reported that the nitric oxide synthesis inhibitor N-nitro-
L-arginine inhibited tolerance to the analgesic effect of morphine, but not the hormonal effects. These
results raise the intriguing but not surprising possibility that NMDA receptors are involved in some
forms of opiate-induced neural and behavioral plasticity, but not others. Opiate tolerance is not a sin-
gular phenomenon. Tolerance to different effects of opiates differs across a variety of parameters,
including the time-course of development, threshold doses, degree of tolerance, and disappearance
(77,83,88–90). Additionally, the development of tolerance to different opiate effects involves different
neural systems and likely involves different cellular events (3,91–94).

As research progresses on the potential role of NMDA receptors in tolerance to different effects of
opiates, studies should be designed in a manner to allow comparisons to be made both within and
across experiments. Dose responses should be explored and different antagonists should be utilized
before it is concluded that NMDA receptors are or are not involved in a particular effect. The most
powerful data will come from those studies in which the effects of NMDA receptor antagonists are
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explored across different opiate effects in the same experimental animals, as this will allow for direct
comparisons to be made across behaviors (25,29,76,77) (see ref. 70 for further discussion).

5. NMDA RECEPTORS AND THE DEVELOPMENT 
OF OPIATE SENSITIZATION

Wolf and co-workers were the first to report on the ability of NMDA receptor antagonists to inhibit
opiate sensitization (74,95). These investigators noted that both MK-801 and the competitive NMDA
receptor antagonist CGS 19755, at relatively low and selective doses, inhibited the development of
sensitization to the locomotor-stimulant effect of morphine. The pattern observed was strikingly simi-
lar to that seen with morphine tolerance, in that the antagonists inhibited the development but not the
expression of morphine sensitization (Table 4).

Recent research from others appears to present a more complicated picture. Vanderschuren et al.
(98), for example, reported that only high doses of MK-801, which produced considerable lethality in
combination with morphine, had the ability to inhibit sensitization to the locomotor-stimulant effect of
morphine in rats. Lower doses, which did not produce lethality, did not affect sensitization. These
authors therefore suggest that the effect may be a nonspecific drug interaction, rather than an inhibition
of neural and behavioral plasticity.

Iijima and co-workers (97), in studies on mice, also reported that high doses of MK-801 were nec-
essary to inhibit morphine sensitization. Although lethality was not seen in this study, the doses of
MK-801 required to inhibit sensitization were very high and produced significant locomotor stimula-
tion on their own. It should be noted that the locomotor effects of morphine in mice are quite different
than those in rats. Whereas high doses of morphine in rats produce a biphasic locomotor response,
with an initial locomotor depression followed by locomotor stimulation, this drug in mice produces
dose-dependent stimulation of locomotion without the locomotor depression. The effects in mice may,
therefore, be difficult to directly compare to those in rats.

In exploring an alternative behavior in rats, stereotyped biting, Livezey et al. (96) reported that a high
dose of MK-801 inhibited both the development and expression of sensitization to this effect. Lower
doses of MK-801 were not examined in this experiment so it is not clear if the high dose was required.

Table 4
Inhibition of the Development of Opiate Sensitization by NMDA Receptor Antagonists

NMDA receptor Inhibition of 
antagonista Species Opiate effect sensitization? Citation

MK-801 (noncomp) Rat Locomotor stimulation Yes Wolf and Jeziorski, 1993 (95)
MK-801 (noncomp) Rat Locomotor stimulation Yes Jeziorski et al., 1994 (74)
CGS 19755 (comp)
MK-801 (noncomp) Rat Stereotyped biting Yes (but only Livezey et al., 1995 (96)

high doses 
examined)

MK-801 (noncomp) Mouse Locomotor stimulation Yes (but only Iijima et al., 1996 (97)
at high doses)

MK-801 (noncomp) Rat Locomotor stimulation Yes (but only Vanderschuren et al., 1996 
at high doses) (98)

MK-801 (noncomp) Rat Locomotor stimulation Yes Swadley-Lewellen and 
Trujillo, 1998 (76)

a Noncomp = noncompetitive antagonist; comp = competitive antagonist. The study of Tzschentke and Schmidt (75)
is not included in this table. As discussed previously (70) and noted in Table 2, this study appears to have been misinter-
preted, as sensitization was not observed in the course of the experiments.
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As mentioned earlier, we have begun studies exploring the role of NMDA receptors in tolerance
and sensitization to the locomotor effects of morphine. In these studies, we observed that MK-801, at a
relatively low and selective dose, inhibited the development but not the expression of sensitization to
the locomotor-stimulant effect of morphine (76,86). Adding strength to this finding, this inhibition par-
alleled inhibition of tolerance to the locomotor-depressant effect and tolerance to the analgesic effect
of morphine in the same experimental animals. In more recent experiments, we found that the low-
affinity noncompetitive NMDA receptor antagonist memantine also inhibited sensitization to the loco-
motor-stimulant effect of morphine (Peterson and Trujillo, unpublished observations). Results from
our laboratory therefore support the findings of Wolf and co-workers that the development of opiate
sensitization is inhibited by low selective doses of NMDA receptor antagonists.

Taken together, there appears to be general agreement that NMDA receptor antagonists inhibit the
development of morphine sensitization; however, there is disagreement about the doses necessary to
achieve this effect. At first glance, it is unclear why some studies report inhibition of this effect at low
doses of NMDA receptor antagonists, whereas others require higher doses. However, Wolf (6) has sug-
gested a potential resolution to this discrepancy. She suggested that context-dependent (or associative)
sensitization may be less sensitive to inhibition by NMDA receptor antagonists than context-indepen-
dent (or nonassociative) sensitization. Context-dependent sensitization arises when a drug is adminis-
tered repeatedly in the same environment and the effects of the drug become intimately associated with
environmental cues. This form of sensitization requires learning and is expressed only in the presence
of the environmental cues in which drug administration occurred. In contrast, context-independent
sensitization arises in the absence of environmental cues, does not involve learned associations
between drug effects and environmental cues, and is, therefore, a more direct form of sensitization. If
Wolf is correct, then this may help to explain why some studies find inhibition of morphine sensitiza-
tion at relatively low doses, whereas others require higher doses—those that required high doses may
have examined context-dependent sensitization, rather than context-independent sensitization. The
studies in our laboratory were performed in a manner that promoted the development of context-inde-
pendent sensitization, which may explain why lower doses were able to inhibit this phenomenon.

Although the results on sensitization are less clear than those on opiate tolerance, it appears that
most investigators agree that sensitization to the locomotor-stimulant effect of morphine is inhibited
by NMDA receptor antagonists, albeit at different doses and with different interpretations of the
results. Taken together, we believe the data offers tentative support of a role for NMDA receptors in
the development of opiate sensitization. Further studies should help to resolve this issue. As mentioned
earlier in the discussion on tolerance, studies should be designed to facilitate comparisons with other
behaviors and other forms of opiate-induced neural and behavioral plasticity.

It should be added that NMDA receptor antagonists have been found to inhibit the development of
sensitization to the stimulant effects of several other drugs of abuse, including amphetamine, cocaine,
and nicotine (see refs. 2,6,99, and 100, for review). These findings are very intriguing, suggesting that
NMDA receptors may be involved in sensitization to a variety of different drugs of abuse. Understand-
ing the mechanisms underlying sensitization is of particular interest to the field of substance abuse
because this process may be involved in the craving that arises from repeated drug use (5,6).

6. NMDA RECEPTORS AND THE DEVELOPMENT OF OPIATE 
PHYSICAL DEPENDENCE

At the same time that we first reported that MK-801 inhibited tolerance to morphine analgesia, we
reported that this drug also inhibited physical dependence on morphine (25). The effects were identical
to those on tolerance in that MK-801 inhibited the development but not the expression of physical
dependence. In other words, MK-801 inhibited withdrawal-related behaviors when administered with
morphine during the acquisition of physical dependence; but the drug did not affect these behaviors
when administered immediately prior to naloxone-precipitated withdrawal. A similar inhibition of the
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development of physical dependence by NMDA receptor antagonists has been observed more recently
by others using a variety of NMDA receptor antagonists and a variety of behavioral measures of with-
drawal (Table 5).

One of the most intriguing recent findings relevant to this topic is that of Zhu et al. (108), demon-
strating that treatment with antisense oligonucleotides directed against the NMDA receptor (NMDA-
R1 subunit) can inhibit the development of opiate physical dependence. Intraventricular administration
of antisense oligonucleotides, but not sense (control) oligonucleotides, decreased levels of brain
NMDA receptors and inhibited the development of morphine physical dependence, as assessed by sev-
eral different behavioral signs of withdrawal. This finding together with the pharmacological results
provide strong evidence that activation of NMDA receptors is necessary for the normal development of
opiate physical dependence.

The opitate-withdrawal syndrome is a complex phenomenon, characterized by several different
signs and symptoms. It is presently unclear if NMDA receptor antagonists inhibit the development of
the syndrome as a whole or a subset of signs and symptoms. Given the variety of physiological and
behavioral effects expressed during withdrawal and their mediation by different physiological systems,
it would be surprising if the development of all of these would be inhibited by NMDA receptor antag-
onists. Thus far, different studies have explored different signs and symptoms and utilized different
methods of quantification. It is therefore difficult to make comparisons across experiments. NMDA
receptor antagonists have been reported to interfere with “active” signs such as jumping, wet-dog
shakes, and teeth chattering, “passive” signs such as diarrhea, weight loss, and piloerection, and “emo-
tional” symptoms such as vocalizations and irritability (see Table 5). It will be useful to clarify the
effects of NMDA receptor antagonists on these effects, both individually and collectively, in order to
better understand the potential role of NMDA receptors in the development of these different signs and
symptoms and their relationships to one another.

Although the effects of NMDA receptor antagonists on the development of physical dependence are
relatively clear, the effects of these drugs on the expression of withdrawal are more problematic. Sev-
eral groups have reported that NMDA receptor antagonists will inhibit the expression of opiate physical
dependence (45,109–123). However, this may be a nonspecific effect related to behavioral competition
rather than a specific blockade of the neural processes responsible for opiate withdrawal (2,124,125).
An important clue to this possibility is found in the doses required to inhibit the development of physi-
cal dependence relative to those necessary to inhibit the expression of withdrawal. As we have dis-
cussed previously (2,125,126), doses required to inhibit the expression of opiate withdrawal are
typically greater than those necessary to inhibit the development of physical dependence. Recent stud-
ies reinforce this idea. Gonzalez and co-workers (45), for example, found that doses of MK-801 neces-
sary to inhibit the expression of withdrawal were considerably greater than those necessary to inhibit
the development of physical dependence. Because doses of NMDA receptor antagonists required to
inhibit the expression of opiate physical dependence are often high enough to produce significant loco-
motor effects, it has been suggested that these drugs may nonspecifically interfere with the expression
of the opiate-withdrawal syndrome (2,125,126). On the other hand, some studies have shown inhibition
of the expression of certain aspects of withdrawal at relatively low doses of NMDA receptor antago-
nists (45,114,118–120). It may be that NMDA receptors have a role not only in the development of opi-
ate physical dependence but also in certain aspects of the expression of withdrawal. Future studies
should focus on low doses of NMDA receptor antagonists, comparing their effects on the development
versus the expression of opiate physical dependence, in order to help clarify this issue.

7. NMDA RECEPTORS AND THE SLOW REVERSAL OF OPIATE TOLERANCE
AND PHYSICAL DEPENDENCE

As discussed above, there is widespread agreement that NMDA receptor antagonists inhibit the
development of opiate tolerance, sensitization, and physical dependence. However, intriguing evidence
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Table 5
Inhibition of the Development of Opiate Physical Dependence by NMDA Receptor Antagonists

NMDA receptor 
antagonist Species Withdrawal behaviors inhibited Citation

Non-competitive 
Antagonists

MK-801 Rat Jumping Trujillo and Akil, 1991 (25)
Rat Teeth chattering Ben-Eliyahu et al., 1992 (101)
Rat Teeth chattering, writhing Fundytus and Coderre, 1994 (102)
Rat (intrathecal) Hyperalgesia Mao et al., 1994 (35)
Mouse Jumping Verma and Kulkarni, 1995 (38)
Rat (intrathecal) Elicited vocalization, spontaneous Dunbar and Yaksh, 1996 (40)

vocalization, abnormal posture,
ejaculation, jumping

Rat Rearing, teeth chattering, Makimura et al., 1996 (103)
hippocampal norepinephrine 
release

Rat Hyperalgesia, teeth chattering, Manning et al., 1996 (42)
jumping, wet-dog shakes

Mouse Micturition, running, diarrhea, Gonzalez et al., 1997 (45)
piloerection, paw tremors, body 
shakes, jumping, convulsions

Mouse Jumping (acute dependence) McLemore et al., 1997 (46)
Rat Chewing, irritibility, stretching, Shoemaker et al., 1997 (104)

tremor
Rat Hyperalgesia (acute dependence) Larcher et al., 1998 (49)
Rat Hyperalgesia Laulin et al., 1998 (105)
Rat (intrathecal) Hyperalgesia Mao et al., 1998 (51)
Rat Suppression of operant responding Bespalov et al., 1999 (77)
Rat Hyperalgesia (acute dependence) Celerier et al., 1999 (106)
Rat Weight loss Koyuncuoglu et al., 1999 (53)
Rat Hyperalgesia Laulin et al., 1999 (54)

ketamine Mouse Micturition, running, diarrhea, Gonzalez et al., 1997 (45)
piloerection, paw tremors, body 
shakes, jumping, convulsions

Rat Hyperalgesia Celerier et al., 2000 (107)
Dextromethorphan Rat Hyperalgesia, teeth chattering, Manning et al., 1996 (42)

jumping, wet-dog shakes
Rat Teeth chattering, jumping Mao et al., 1996 (58)

Ethanol Rat Chewing, irritibility, stretching, Shoemaker et al., 1997 (104)
tremor

Competitive Antagonists
CGP 39551 Mouse Micturition, running, diarrhea, Gonzalez et al., 1997 (45)

piloerection, paw tremors, body 
shakes, jumping, convulsions

LY235959 Mouse Jumping (acute, not chronic McLemore et al., 1997 (46)
dependence)

D-CPPene Rat Suppression of operant responding Bespalov et al., 1999 (77)

Others
NMDA-R1 antisense Rat Jumping, rearing, teeth chattering, Zhu and Ho, 1998 (108)

stretching
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suggests that these drugs may be able to slowly reverse tolerance and physical dependence under cer-
tain experimental circumstances. This effect is different than the acute blockade of the expression of
tolerance or dependence, in that it does not occur immediately but takes days of administration to
develop. The phenomenon was first reported by Tiseo and Inturrisi (33) in studies on morphine toler-
ance. These investigators found that the competitive NMDA receptor antagonist LY274614 had the
ability to restore morphine analgesia if administered over several days to tolerant animals. Interest-
ingly, this effect occurred whether LY274614 was administered in the presence or the absence of con-
tinued administration of morphine. These findings led the authors to suggest that NMDA receptors
may be involved, not only in the development of morphine tolerance but also in the maintenance of
this phenomenon. The ability of NMDA receptor antagonists to slowly reverse tolerance has since
been replicated in several different studies, using several different NMDA receptor antagonists and dif-
ferent experimental approaches (Table 6). This ability does not appear to be isolated to opiate toler-
ance, as similar findings have been obtained with opiate physical dependence. Popik and co-workers
(118,120) have demonstrated that competitive, noncompetitive, and glycine-site NMDA receptor
antagonists will reverse physical dependence when administered over several days to physically
dependent mice (Table 6).

The implications of the ability to reverse tolerance and dependence are self-evident. If NMDA
receptor antagonists had the ability to simply prevent the development of these phenomena, they
would be of little use in the treatment of addiction. Individuals seeking treatment for opiate addiction
would presumably already be tolerant and dependent, and NMDA receptor antagonists would, there-
fore, be of little use (see refs. 2 and 126). However, the ability to reverse these phenomena suggests

Table 6
Reversal of Opiate Tolerance and Dependence by NMDA Receptor Antagonists

NMDA receptor
antagonista Species Observed effect Citation

LY274614 (comp) Rat Reversal of tolerance to morphine analgesia Tiseo and Inturrisi, 1993 (33)
Dextromethorphan Mouse Reversal of tolerance to morphine analgesia Elliott et al., 1994 (34)

(noncomp)
ACPC (glycine) Mouse Reversal of tolerance to morphine analgesia Kolesnikov et al., 1994 (66)
LY274614 (comp) Rat Reversal of tolerance to morphine analgesia Tiseo et al., 1994 (63)
Memantine (noncomp) Mouse Reversal of morphine physical Popik et al., 1996 (118)
NPC 17742 (comp) dependence (jumping)
Ketamine (noncomp) Rat Reversal of tolerance to morphine analgesia Shimoyama et al., 1996 (55)
MRZ 2/579 (noncomp) Mouse Reversal of morphine physical Popik et al., 1998 (120)
MRZ 2/570 (glycine) dependence (jumping)
L-701,324 (glycine)
LY235959 (comp) Rat Reversal of tolerance to morphine analgesia Allen and Dykstra, 1999 (64)
MK-801 (noncomp) Mouse Reversal of tolerance to morphine analgesia Kolesnikov and Pasternak,

1999a (52)
Ketamine (noncomp) Mouse Reversal of tolerance to morphine analgesia Kolesnikov and Pasternak,

1999b (56)
ACEA-1328 (glycine) Mouse Reversal of tolerance to morphine analgesia Lutfy et al., 1999 (68)
Memantine (noncomp) Mouse Reversal of tolerance to morphine analgesia Popik et al., 2000 (127)
MRZ 2/579 (noncomp)

a noncomp = noncompetitive antagonist; comp = competitive antagonist; glycine = glycine-site antagonist. For the present
purposes, “reversal” refers to the ability of NMDA receptor antagonists to slowly diminish tolerance and/or physical depen-
dence with repeated administration.
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that NMDA receptor antagonists may be useful in detoxification, perhaps speeding up the process and
lessening the impact of withdrawal.

8. QUESTIONS AND CONTROVERSIES

8.1. Potential Alternative Explanations
The hypothesis that led to studies in this area is relatively simple and straightforward: Because

NMDA receptors are involved in many forms of neural and behavioral plasticity, these receptors may
also be involved in the neural and behavioral plasticity arising from long-term administration of drugs
of abuse. As discussed earlier, studies on the development of opiate tolerance, sensitization, and phys-
ical dependence are consistent with this hypothesis. However, there have been suggestions that the
ability of NMDA receptor antagonists to inhibit the development of these phenomena may be due to
other factors. Three of the most popular alternative explanations are drug side effects, inhibition of
associative learning, and state dependency (70). Although these factors may indeed contribute to some
of the results obtained in this area, the abundance of evidence suggests that they are not responsible for
the majority of results (see ref. 70 for detailed discussion). Perhaps some of the most powerful evi-
dence that these factors are not responsible is that inhibition of opiate-induced neural and behavioral
plasticity is obtained with a variety of different NMDA receptor antagonists, with different behavioral
and interoceptive effects, and typically at doses that produce few significant effects on ongoing behav-
ior (see Tables 1–6 and ref. 70). Moreover, similar effects are obtained across different forms of plas-
ticity, sometimes in the same experimental animals. These observations, together with others, suggest
that the most parsimonious explanation for the results is that NMDA receptors are involved in the
neural changes that underly the development of tolerance, sensitization, and physical dependence to
several different effects of opiates (70).

8.2. Morphine Versus Other Mu Agonists
Because of its widespread clinical use, its long history in psychopharmacological research, and its

relative selectivity for µ-opiate receptors, morphine is the prototypical µ-opiate agonist, and is, there-
fore, used as the drug of choice when examining µ-opioid receptor function. This has been the case in
the study of the role of NMDA receptors in opiate-induced neural and behavioral plasticity. It has
been assumed, based on studies with morphine, that NMDA receptor antagonists would inhibit toler-
ance, sensitization, and physical dependence to other µ agonists in a similar manner. However, Bilsky
and co-workers (39) have obtained evidence that tolerance to µ agonists other than morphine may not
be affected by NMDA receptor antagonists. In studies on tolerance to opiate analgesia in mice, these
authors reported that whereas MK-801 and the competitive NMDA receptor antagonist LY235959
inhibited development of tolerance to morphine, these drugs did not affect tolerance to the peptide µ
agonists DAMGO and PL017 and the nonpeptide opioid fentanyl. It is possible, as suggested by the
authors (39) that the development of tolerance to µ agonists that are more selective and/or more effi-
cacious than morphine involves mechanisms that are independent of NMDA receptors. However,
more recent studies question these findings. Mao et al. (51), for example, demonstrated that MK-801
can, indeed, inhibit the development of tolerance to the analgesic effect of the peptide µ agonist
DAMGO, as well as the development of physical dependence as measured by hyperalgesia (this study
used a different experimental approach than the Bilsky et al. study, which may help to explain the con-
trasting findings). Allen and Dykstra (65) have suggested that the ineffectiveness of the NMDA recep-
tor antagonists in the Bilsky et al. study may be related to differences in the magnitude of tolerance
produced by the different opioids. In studies on morphine tolerance in rats, Allen and Dykstra found
that higher levels of tolerance produced by higher doses of morphine were more resistant to NMDA
receptor inhibition than lower levels of tolerance. Thus, NMDA receptors may, indeed, be involved in
opiate-induced neural and behavioral plasticity produced by a variety of µ agonists, but the involve-
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ment of NMDA receptors may diminish at higher levels of tolerance. As the magnitude of tolerance
increases, other neural mechanisms, such as changes in receptor number, may contribute to the devel-
opment of this phenomenon.

9. A CELLULAR MODEL

The ability of NMDA receptor antagonists to inhibit different forms of opiate-induced neural and
behavioral plasticity suggests that there may be widespread interactions between NMDA receptors and
opioid receptors in the body and that these interactions may be critical in the development of opiate
tolerance, sensitization, and physical dependence. Because the majority of evidence in this area has
been obtained from behavioral studies, it is unclear whether NMDA receptors and µ-opioids located
together on individual cells are responsible for the interactions, or if the interactions may be the result
of more distributed circuits. However, increasing evidence suggests that NMDA receptors and µ-opi-
oid receptors may indeed interact at the level of single cells—anatomical studies suggest that NMDA
receptors and µ-opioid receptors are colocalized on neurons in the central nervous system (CNS)
(128–130), biochemical studies suggest intracellular pathways through which these receptors may
interact (131–133), and physiological evidence demonstrates that cellular interactions between these
receptors occur within the brain (134,135). Therefore, there is reason to believe that cellular interac-
tions between µ receptors and NMDA receptors may be involved in at least some of these forms of
opiate-induced neural and behavioral plasticity. Cellular models for such interactions have previously
been proposed for opiate tolerance and dependence (72,93,136–139). The present model, based in part
on these previous models, illustrates intracellular pathways by which NMDA receptors and µ-opioids
may interact to produce opiate-induced changes in the brain and behavior.

The model is depicted in Figure 2. The cascade is initiated by stimulation of µ receptors, which
causes activation of protein kinase C (PKC). PKC has the ability to phosphorylate NMDA receptors
and relieve the magnesium (Mg2+) block that keeps these receptors quiescent under normal physiolog-
ical conditions. Relief of the magnesium block (likely together with activation of NMDA receptors by
tonic synaptic levels of glutamate) leads to influx of calcium, which can activate several different cal-
cium-dependent processes that may be involved in altering the cellular response to morphine. The first
of these is activation of PKC. This may represent further activation of the original pool of PKC stimu-
lated through µ receptor activation, or a second, distinct pool. PKC may phosphorylate µ receptors, µ-
receptor-coupled G-proteins, or second-messenger enzymes, thereby modifying the proteins and
producing changes in the coupling of µ receptors to key second-messenger cascades. In addition to
PKC, calcium entering through NMDA receptor ion channels activates nitric oxide synthase (NOS),
leading to production of the diffusible messenger nitric oxide. Nitric oxide (NO) can then activate
guanylyl cyclase and cyclic GMP (cGMP) within the neuron, which stimulates cGMP-dependent pro-
tein kinases, which, in turn, may phosphorylate µ receptors or other key molecules in the second-mes-
senger cascade, causing further changes in the coupling of µ receptors to second-messenger systems.
Nitric oxide can also diffuse to the presynaptic cell and activate cGMP within this cell, causing release
of glutamate and further activation of NMDA receptors, thereby increasing activation of the postsy-
naptic processes that inhibit µ receptor function. Another enzyme that may be activated by calcium
entering the cell via NMDA receptor ion channels is calcium/calmodulin-dependent protein kinase II
(CaMKII). Like PKC and the NO/cGMP pathway, this enzyme may contribute to the changes in cou-
pling of µ receptors to critical second-messenger cascades. A functional decoupling of µ receptors
from second-messenger cascades produced by PKC, NO/cGMP, and CaMKII would help to explain
the decreased responsiveness to opiates that is characteristic of tolerance.

There are several key findings that support this model. First are observations that µ receptor stimu-
lation leads to activation of PKC (131,136,140–146). The activation of PKC by µ receptors may be
mediated by phospholipase C(PLC) (146–150). PKC activated by µ receptor stimulation potentiates
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NMDA receptor function by removal of the Mg2+ block on NMDA receptors (131,132,135,151). Cal-
cium influx resulting from NMDA receptor stimulation can then activate a variety of intracellular path-
ways, including PKC, NO/cGMP, and CaMKII. Studies using enzyme inhibitors have been
instrumental in demonstrating a role for these pathways in opiate tolerance and dependence—
inhibitors of PKC (35,37,140,152–155), PLC (147), NOS (see refs. 2, 71,73, and 156), guanylyl cylase
(the intermediate enzyme between NO and cGMP activation) (156), and CaMKII (157), have each
been found to inhibit the development of opiate tolerance and/or physical dependence. These enzymes,
or others in their respective cascades, may modify µ receptors, G-proteins, or second messengers, pro-

Fig. 2. Schematic diagram of cellular processes that may mediate interactions between µ-opioid receptors and
NMDA receptors in opiate-induced neural and behavioral plasticity + refers to activation, – refers to inhibition,
and ** refers to changes in receptor coupling between µ receptors and second messengers. The dashed line refers
to the general idea that NMDA receptor activation is functionally antagonistic to µ receptor function. The solid
arrows indicate identified pathways through which NMDA receptors and µ receptors may interact. The sequence
of events depicted in the model is as follows: µ Receptor activation leads to activation of protein kinase C (PKC1),
which relieves the magnesium (Mg2+) block on NMDA receptors. Relief of the Mg2+ block leads to the influx of
calcium (Ca2+) and activation of at least three different calcium-dependent intracellular cascades: (1) PKC2 (either
greater activation of the initial PKC pool, or a distinct pool); (2) nitric oxide synthase (NOS), which leads to pro-
duction of nitric oxide (NO) and activation of cyclic GMP (cGMP); and (3) calcium/calmodulin-dependent protein
kinase II (CaMKII). Each of these cascades may produce changes in coupling between the µ receptor and its sec-
ond-messenger systems (**), leading to the manifestations of tolerance, sensitization, and physical dependence. In
addition, NO activation of presynaptic cGMP may lead to the release of glutamate, which further stimulates the
postsynaptic processes that modify coupling between µ receptors and second messengers. Some intermediates in
the cascades are omitted for clarity. Please see text for further details.
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ducing changes in µ receptor second-messenger coupling. Additional biochemical evidence in support
of this model is that PKC, activated through NMDA receptor stimulation, has the ability to interfere
with coupling between opioid receptors and G-proteins (133,158–160).

The classical view of opioid tolerance and physical dependence has been that these phenomena are
mediated, at least in part, by the functional decoupling of opioid receptors from second messengers.
Opiates produce primarily inhibitory effects on cellular responsiveness, via G-protein-mediated inhibi-
tion of adenylyl cyclase, enhanced potassium efflux, and decreased calcium influx (see refs. 161–163
for review). Decreases in coupling would, therefore, lead to a diminished ability of opiates to inhibit
cell function, characteristic of tolerance, and perhaps producing a hyperresponsiveness upon with-
drawal, characterisitic of physical dependence. However, more recent studies suggest a more complex
and interesting picture—in addition to diminished inhibitory coupling, chronic opioid receptor activa-
tion may produce a switch whereby stimulation of opioid receptors produces activation of certain sec-
ond-messenger cascades (164–169), or an alternative switch whereby opioid receptors become
constitutively active (170,171).

A further complexity to interactions between NMDA receptors and µ-opioid receptors is suggested
by recent electrophysiological data obtained by Martin and colleagues (134,172). Following chronic
treatment with morphine, these investigators observed a functional downregulation of postsynaptic
NMDA receptors and a functional upregulation of presynaptic metabotropic glutamate receptors
(mGluR) in the nucleus accumbens. In other words, postsynaptic NMDA receptors were less active,
and glutamatergic autoreceptors were more active following chronic morphine treatment, leading to an
overall NMDA receptor hypofunction (see Fig. 3). This pattern is suggestive of a compensatory
response to overactivation of glutamatergic signaling in nucleus accumbens neurons containing
NMDA receptors and µ-opioid receptors. Thus, these data are consistent with the above-described
model whereby opioid receptor activation leads to NMDA receptor activation and, in a feed-forward
process, causes increasingly greater NMDA receptor activation (Fig. 2).

The changes in glutamatergic signaling produced by chronic opiate administration raises a very
important question: What is the consequences of these changes for opiate tolerance, sensitization,
and physical dependence? It is possible that they are simply a compensatory response to NMDA
receptor hyperactivity produced by µ receptor activation, dampening the effects of the NMDA
receptor activation and helping the system to stabilize. Alternatively, however, these changes in glu-
tamatergic signaling may have a more direct role in the behavioral changes produced by chronic
morphine treatment, perhaps being involved in the expression of tolerance, sensitization, or physi-
cal dependence. In fact, we have recently obtained evidence that acute NMDA receptor hypofunc-
tion, in combination with acute morphine treatment, mimics the behavioral effects of chronic
morphine treatment (28). Together with the Martin et al. data (134,172). the results suggest that
decreases in NMDA receptor function produced by chronic morphine treatment may be, at least in
part, responsible for the development of opiate tolerance. The cascade illustrated in Fig. 2 may rep-
resent the initiation of events leading to the development of tolerance, sensitization, and physical
dependence, whereas the longer-term receptor modifications ilustrated in Fig. 3 may represent
some of the key changes responsible for the behavioral expression of these phenomena. If this is
indeed the case, then it may help to explain both the inhibition of the development of tolerance and
dependence and the reversal of these phenomena by NMDA receptor antagonists. During the devel-
opment of tolerance and dependence, chronic treatment with NMDA receptor antagonists, by
blocking the feed-forward NMDA receptor activation, should prevent the changes in NMDA recep-
tor function produced by chronic opiate administration. After tolerance and dependence are estab-
lished, chronic treatment with NMDA receptor antagonists should produce compensatory increases
in NMDA receptor function, thereby reversing the chronic opiate-induced NMDA receptor hypo-
function. Although further studies are necessary to confirm these possibilities, it is apparent that
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dynamic interactions between NMDA receptors and µ-opioid receptors are important in opiate-
induced neural and behavioral plasticity.

It needs to be acknowledged that there are many other mechanisms involved in opiate-induced
neural and behavioral plasticity that have not been addressed in this model. For example, other intra-
cellular pathways, such as adenylyl cyclase/cyclic AMP (AC/cAMP), G-protein receptor kinases
(GRKs), and mitogen-activated protein kinases (MAPKs) may be involved, as well as regulation of
opioid receptor internalization, sequestration, and biosynthesis (94,163). Considering broader circuit
interactions, regulation of opioid peptides and other neurotransmitters and receptors that modulate opi-
ate function may also have a role (3,27,173,174). Finally, learning processes involved in the develop-
ment of context-dependent plasticity are also likely to be involved (1,3,175). Given the complexity of
intracellular, intercellular and circuit processes involved in opiate-induced plasticity, it will be a con-
siderable challenge to place NMDA receptors and NMDA receptor-mediated second-messenger events
in context with all of the other mechanisms involved in opiate tolerance, sensitization, and physical
dependence (see ref. 93 for further discussion).

Fig. 3. Schematic diagram illustrating compensatory changes in µ-opioid receptors, NMDA receptors, and
metabotropic glutamate receptors (mGluRs) following chronic opiate administration. Evidence suggests
chronic opiate treatment leads to (1) functional decoupling of µ receptors from key second-messenger systems
(large downward arrow), (2) functional downregulation of postsynaptic NMDA receptors (large downward
arrow), and (3) functional upregulation of mGlu autoreceptors (large upward arrow). For comparison, the
cellular events illustrated in Fig. 2 are shown in light gray. Please see legend for Figure 2 and text for fur-
ther details.
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10. CLINICAL IMPLICATIONS

10.1. Chronic Pain
One of the most obvious possibilities for therapeutic intervention with NMDA receptor drugs is in

the treatment of chronic pain. Because NMDA receptor antagonists have the ability to prevent the
development of tolerance, sensitization, and physical dependence, these drugs may be useful
adjuncts to opiates in situations in which long-term administration of opiates is necessary. Adminis-
tration of an NMDA receptor antagonist together with an opiate should inhibit the development of
tolerance, thereby allowing the opiate to maintain effectiveness for a greater period of time. The
development of physical dependence is not typically considered to be a major problem in the treat-
ment of chronic pain, as it can easily be managed by a well-trained physician. However, decreased
physical dependence should offer reassurance to both patients and physicians overly concerned
about “addiction” and decrease the time necessary to withdraw patients from opiates when neces-
sary. Sensitization is not typically discussed in relation to chronic pain management. However, in
theory, it is possible that sensitization to certain side effects of opiates may lead to their escalation
during chronic administration. Inhibition of sensitization may, therefore, help to diminish the impact
of such side effects in pain patients.

Other research, not discussed in the present review, suggests further uses for NMDA receptor antag-
onists in the treatment of pain. First, considerable evidence suggests that NMDA receptors may be
involved in the development of sensitization to pain, in which pain increases in a pathological manner
(17,22,136,137,176). NMDA receptor antagonists have the ability to inhibit such sensitization, provid-
ing for their potential use in situations in which pain sensitization may be expected to occur. Second,
although the majority of evidence suggests that NMDA receptor antagonists do not affect the acute
analgesic actions of opiates at doses that inhibit the development of tolerance (discussed earlier), some
studies suggest that these drugs may, in fact, potentiate opiate analgesia (42,49,84,101,176–180). This
potentiation is typically seen as a prolongation of opiate analgesia and is interpreted by most
researchers as inhibition of the earliest phase of opiate tolerance (42,49,101,106,178–180). Regardless
of the interpretation, however, if NMDA antagonists have the ability to prolong opiate analgesia when
administered acutely with an opiate, they may be useful adjuncts in the treatment of acute, as well as
chronic pain. The potential for combination medications including an NMDA receptor antagonist and
an opiate in the treatment of pain appears to be well on its way to being realized, as clinical testing of
such combinations is currently underway (181–184).

10.2. Addiction
The use of NMDA receptor antagonists in the treatment of addiction is less obvious if one views

these drugs as inhibiting the development but not the expression of tolerance, sensitization, and
physical dependence (2,3,25,126). Because these processes should already be well established in an
addict, it appears that the drugs would be of little use. On the other hand, under these conditions,
there still might be a role for NMDA receptor antagonists as adjuncts in opiate maintenance ther-
apy. Coadministration of these drugs during methadone treatment, for example, might lead to less
tolerance and dependence arising from the maintenance therapy and easier cessation of treatment
for the motivated individual.

The potential role of NMDA receptor antagonists in addiction becomes more evident when consid-
ering the findings, discussed earlier, that NMDA receptor antagonists may reverse opiate tolerance and
dependence when administered over days. The ability to accelerate the extinction of tolerance and
physical dependence (and perhaps sensitization) would offer a means to speed up the detoxification
process and perhaps reverse some of the physiological processes responsible for addiction. Although
very intriguing, further research is necessary in order to more firmly establish the conditions under



Role of NMDA Receptors in Opiate Addiction 313

which these drugs may reverse these phenomena and to demonstrate whether or not NMDA receptor
antagonists will act in a similar manner in opiate addicts.

Evidence demonstrating that NMDA receptor antagonists may inhibit the expression of physical
dependence under certain circumstances suggests that these drugs may be useful in acute detoxifica-
tion. Preliminary clinical research offers conflicting views on this possibility. Whereas two studies
suggest that NMDA receptor antagonists may block some symptoms of withdrawal in opiate addicts
(110,185), two other studies demonstrate no significant effects (186,187). Perhaps in support of the use
of these drugs, ibogaine, which is used in some clinics for acute detoxification, is thought to alleviate
withdrawal, at least in part, through blockade of NMDA receptors (188–194). Clearly, more research is
necessary in order to determine the potential for NMDA receptor antagonists in alleviating the signs
and symptoms of acute opiate withdrawal.

One final area related to opiate addiction where NMDA receptors may have a role is in the reward-
ing effects of these drugs. Opiate reward is thought to play a critical role in drug-seeking behavior in
addicts. NMDA receptor antagonists have been found, in several studies, to block the ability of opiates
to establish a conditioned place preference, an experimental procedure commonly used to study drug
reward (119,120,195–201). In support of the their ability to inhibit opiate reward, preliminary evi-
dence suggests that some NMDA receptor antagonists may also inhibit the acquisition of opiate self-
administration (202). However, these drugs appear to increase the rewarding effects of opiates as
measured by intracranial self-stimulation (203,204). Thus, the role of NMDA receptors in opiate
reward is presently unclear. However, the results on conditioned place preference and self-administra-
tion indicates that future studies should investigate the ability of NMDA receptor antagonists to mod-
ify opiate reward, and thereby impact opiate abuse.

10.3. Side Effects and the Therapeutic Potential of NMDA Receptor Antagonists
In discussions of the therapeutic potential of NMDA receptor antagonists, the issue of adverse side

effects inevitably arises. High-affinity noncompetitive NMDA receptor antagonists, such as phencycli-
dine, produce significant effects on behavior that may limit their therapeutic use. In rodents, these
effects are expressed as dose-dependent changes in locomotion and coordination—at relatively low
doses, no significant effects are evident; at higher doses, increases in locomotor behavior are seen; at
still higher doses, the increases in locomotor behavior are accompained by significant ataxia; at the
highest doses, animals become limp and show a complete lack of voluntary movement (25,205–208).
In addition, high-affinity noncompetitive NMDA receptor antagonists can show disruptive effects on
learning and cognition (209,210) and show evidence of neurotoxicity (211,212). Historically, these
drugs (primarily ketamine and phencyclidine) have been used at relatively high doses as dissociative
anesthetics (213–218). Phencyclidine was withdrawn for use in humans because of problematic side
effects—when individuals awakened from phencyclidine anesthesia, they sometimes reported disturb-
ing hallucinations, thoughts, and dreams, and these were occasionally accompanied by behavioral dis-
turbances (213,214,216,218). Despite some evidence of the same symptoms, ketamine is still used
clinically in humans. In addition to these effects, phencyclidine and ketamine are considered drugs of
abuse. They show abuse potential in animals models and, according to news reports, are becoming
increasingly popular. Given these effects, it is not surprising that caution is advised when considering
clinical use of these compounds.

On the other hand, it appears that many of the concerning side effects of NMDA receptor block-
ers may be restricted to high-affinity noncompetitive antagonists. In preclinical studies, low-affinity
noncompetitive antagonists, competitive antagonists, glycine-site antagonists, and polyamine-site
antagonists produce fewer problematic side effects (205,206,219–227). Moreover, the doses at
which high-affinity noncompetitive antagonists inhibit opiate-induced neural and behavioral plas-
ticity are often quite low, well below doses that cause significant side effects. Further research on
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these compounds will help to determine the therapeutic potential for NMDA receptor antagonists
not only in pain and addiction but also in other clinical problems.
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Modification of Conditioned Reward 

by N-Methyl-D-aspartate Receptor Antagonists

Piotr Popik, MD, PhD

1. INTRODUCTION

Alcohol and other drugs of abuse produce dependence, a chronic and relapsing disorder that is an
enormously destructive public health problem. In the United States, mortality that can be attributed to
these disorders is greater than mortality attributable to all other factors combined (1). Currently, there
are a limited number of available medications to treat alcohol, opioid, and nicotine dependence, and no
medication to treat cocaine, other stimulants, or cannabis dependence. Success rate of available treat-
ments is relatively low, only 30–50% of patients remain abstinent at 1 yr after completion of the most
successful treatment programs (2,3). Despite recent advances in the understanding of the neurobiolog-
ical basis for these disorders and the development of new psychotherapeutic approaches, there is a lack
of viable pharmacological treatments. At the same time, societal and political pressures continue for
the development of effective and inexpensive treatments.

Substances that are abused by humans, including opiates, psychostimulants, marijuana, alcohol, and
sedatives, differ in chemical structures and acute pharmacological effects. However, the pathological,
compulsive pattern of their intake share many common features. This suggests that a limited number of
neural pathways may mediate the “addictive” qualities of drugs of abuse. If there is a common neural sub-
strate that is central to the development and the maintenance of drugs of abuse dependence, it might be a
target for pharmacological treatments. It has previously been suggested (4–6) that N-methyl-D-aspartate
(NMDA) receptors constitute the target component of this pathway. Preclinical research suggests that
antagonists of this receptor modulate pathophysiological processes common to the development, mainte-
nance, and expression of drugs of abuse dependence and have a potential to be developed as pharma-
cotherapeutics. Preliminary results from clinical trials are encouraging further clinical development.

2. CONDITIONED REWARD

Animals and people associate internal drive states with the knowledge about the external environ-
ment in which these states were experienced. The use of such associations provide means for a better
quality of life. This is because learning that some environmental stimuli may be predictive of the
occurrence of primary reinforcers (unconditioned stimuli, UCS) enhance chances of survival. For
example, the knowledge that certain stimuli (conditioned stimuli, CS) are signaling the availability of
food, sexual partner, or another potent reinforcer, such as a drug of abuse, increases its availability, and
thus enhances the (subjective) well-being of an individual (7).

The laboratory model to test the development and expression of such associations is the condi-
tioned place preference (CPP) test (8,9). It allows investigating associations of biologically relevant
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stimuli (internal drive states produced by primary reinforcers) with previously neutral contextual
cues; such associations develop following contingent pairings. In its simplest form, the CPP appara-
tus is made of two or more distinctive environments (compartments) that differ in visual, olfactory,
and tactile cues. During conditioning, a drug effect is consistently paired with one chamber, whereas
the other chamber is paired with the effect of the vehicle. After several pairings, the testing phase is
carried out, during which the animal (now drug-free and having a free choice) demonstrates a prefer-
ence to a drug-paired environment. This is measured by the time that the animal spends in drug-asso-
ciated chamber. All of the numerous variants of this procedure are based on the assumption that an
animal learns to approach stimuli paired with rewarding properties of the drug and that, through
repetitive pairing, an initially neutral environment gains incentive salience. These procedures are
related to operant second-order schedule studies, which have shown that exteroceptive stimuli can
exert powerful control over drug-seeking and drug-taking (10). CPP is now among the most com-
monly used methods for the assessment of rewarding effects of pharmacological and nonpharmaco-
logical reinforcers (11) (see refs. 12 and 13 for a review). This paradigm represents an indirect
measure of drug reinforcement (as opposed to, e.g., the drug self-administration procedure). There
are a number of advantages of the CPP technique over those techniques based on other measures of
drug reward, like drug self-administration procedure. These include extreme sensitivity to the low
doses of drugs of abuse [e.g., 0.08 mg/kg of morphine (11)] and the ability to produce CPP response
after a single drug-environment pairing (11,14). The single pairing is important in light of human
research indicating that the effect of the initial drug experience may be the best predictor of later drug
abuse (15) and in light of animal data demonstrating the development of tolerance (16) accompany-
ing administration of several doses of an opiate that could be a confounding factor in studying drug
reward. Moreover, in CPP studies, both the rewarding as well as aversive properties of drugs may be
measured at the same time. In this paradigm, the testing is conducted under drug-free conditions
(eliminating, e.g., motor effects of drugs that may obscure the measurement of its reinforcing effects
in other tests). In addition, most often, drugs are given parenterally, which is impossible in self-
administration studies. The CPP paradigm allows administration of known and planned drug doses
(which is difficult in paradigms where animals are themselves administering the drugs and, therefore,
the dose depends on the animal’s rate of responding). Finally, it is possible to study nonpharmacolog-
ical rewards as well; these include the rewarding properties of food and that of social and sexual
interactions.

3. EFFECT OF NMDA RECEPTOR ANTAGONISTS ON THE ACQUISITION 
OF CPP PRODUCED BY DRUGS OF ABUSE

To determine the putative effects of NMDA receptor antagonists on the acquisition of drug-induced
CPP, one can give injections of NMDA receptor antagonists during conditioning. For morphine
reward, such inhibitory effects have been demonstrated for the nonselective glutamate antagonist,
kynurenic acid (17), MK-801 (dizocilpine, NMDA receptor channel blocker) (18–20), MRZ 2/570 and
L-701,324 (glycine/NMDA receptor antagonists) (21,22), MRZ 2/579 (NMDA receptor channel
blocker) (21), and ifenprodil (polyamine-site antagonist selective for NR2B-containing NMDA recep-
tors) (23). Similar inhibitory effects on the acquisition of morphine-induced CPP have been reported
for CGP 37849 and NPC 17742 (competitive NMDA receptor antagonists) (19,24), the glutamate
release inhibitor riluzole (25), and ACPC (a partial agonist at strychnine-insensitive glycine/NMDA
sites) (26). Data from our laboratory demonstrate similar inhibitory effects of memantine (NMDA
receptor channel blocker and clinically available NMDA receptor antagonist) (27). Memantine given
at the doses that inhibited morphine reward appear not to alter food reward or the interoceptive proper-
ties of morphine in the drug-discrimination paradigm (27).

With regard to other drugs of abuse, the data are less abundant. Pretreatment with dextro-
methorphan (NMDA receptor channel blocker and clinically available NMDA receptor antagonist)
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dose-dependently decreased the CPP for 10 and 20 mg cocaine/kg but increased the CPP for 2.5–5
mg/kg of cocaine, suggesting a biphasic effect on cocaine-induced CPP (28). The development of
cocaine-induced CPP was also attenuated by MK-801 (29,30) and ACPC (26) (which, in addition,
blocked the development of CPP induced by amphetamine, nomifensine, nicotine, and diazepam). Fur-
thermore, metamphetamine-induced (31) but not amphetamine-induced (32) CPP was blocked by
MK-801. MK-801 and L-701,324 attenuated also the development of CPP induced by alcohol (33).

Regarding the specificity of inhibitory effects on conditioned drug reward, the effects of MK-801
on morphine-induced CPP appear not to result from the state-dependent learning (20) and the data
reported by Del Pozo et al. (34) demonstrate that this inhibition is stereoselective. The data on the
rewarding effects of NMDA receptor antagonists itself remain controversial. Thus, memantine (27),
kynurenic acid (17), dextrorphan (NMDA receptor channel blocker) (11), L-701,324 (33), or ifen-
prodil (23) produced neither place preference nor aversion. On the other hand, MK-801 produced CPP
in most (32–35) but not all (19) studies, and such effects appear unrelated to the dose and are not stere-
oselective. CGP37849 produced a small but significant CPP (19) and phencyclidine (NMDA receptor
channel blocker and abused substance) produced place aversion (36).

The effects of NMDA receptor antagonists on the acquisition of drug-induced conditioned place
preference appear to be extremely consistent across the literature and provide substantial insight to the
mechanisms of the development of drug addiction. However, by definition, their outcome is not that
significant to the clinical applications.

4. EFFECT OF NMDA RECEPTOR ANTAGONISTS ON THE EXPRESSION 
OF CPP PRODUCED BY DRUGS OF ABUSE

To investigate the putative effects of NMDA receptor antagonists on the expression of drug-induced
CPP, one can give a single injection of NMDA antagonist before the final measurement (posttest).
Studying the inhibitory effects on the expression of conditioned reward produced by drugs (rather than
on the acquisition of drug–environment associations) approaches the therapeutic standpoint much
closer. It may be hypothesized that the treatment able to diminish the secondarily rewarding effects of
drugs would likely diminish the incentive properties of drug-related cues and environments. It has
been well documented that individuals recovering from drug and alcohol addiction remain highly sus-
ceptible to the environmental stimuli associated with previous exposure to drugs (37,38). This abnor-
mal reactivity of the neural systems, altered by repetitive pairing of drug effects and specific
environments or situations, represents a form of learning and is postulated to underlie the vulnerability
to relapse for a long time after the termination of drug use (39). The main feature of the ideal pharma-
cological treatment for addictions would thus be the protective effect against the conditioned and other
factors that are known to increase risk of the relapse.

The inhibitory effects of NMDA receptor antagonists on the expression of morphine-induced CPP
have been shown for kynurenic acid (17), ACPC (26), NPC 17742 (24), and MK-801 (20). Data from
this laboratory showed similar inhibitory effects of memantine, MRZ 2/570, MRZ 2/579, and L-
701,324 on the expression of morphine-induced CPP (21,27). Memantine appeared to act selectively,
because given at the doses that inhibited morphine reward, it did not affect the expression of food-
induced CPP.

The effects of intracerebral injections of NMDA receptor antagonist on the expression of morphine-
induced CPP were investigated by Popik and Kolasiewicz (24). These data provide some insight into
the mechanism by which NMDA receptor antagonists inhibit the expression of conditioned reward pro-
duced by drugs of abuse. Several lines of evidence indicate the essential involvement of mesolimbic
areas as the major neural substrate of the reward produced by drugs of abuse (40). Among other ele-
ments, this system consists of dopaminergic cells in the ventral tegmental area and their projections to
the regions such as nucleus accumbens. Opiates potently activate dopaminergic mesolimbic neurons
through the inhibition of inhibitory GABAergic interneurons (41) that subsequently increases
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dopaminergic transmission to the nucleus accumbens (42). Such activation is thought to be associated
with a reward or the feeling of euphoria that—through a complicated and not completely understood
mechanism(s)—may ultimately lead to compulsive drug-seeking and drug-taking.

NPC 17742 has been found to significantly reduce the expression of morphine-induced CPP when
injected into the nucleus accumbens and ventral tegmental area (24). Although the effects of the higher
dose of intra-accumbens NPC 17742 produced behavioral stimulation, intrategmental injection did not
change it. These findings demonstrate that stimulation of NMDA receptors in the nucleus accumbens
and ventral tegmental area are necessary for the expression of morphine-induced CPP and suggest that
alteration of locomotor activity produced by NMDA receptor antagonists are not essential for these
agents to be effective attenuating reinforcing effects of morphine.

With regard to other drugs of abuse, the data, again, are less abundant. The expression of cocaine-
induced CPP was unaffected by MK-801 (29) or L-701,324 (22). Gruca and Papp (26) reported that
ACPC blocked the expression of CPP induced by nicotine and diazepam, but not that induced by
cocaine, amphetamine, and nomifensine.

5. THE EFFECT OF NMDA RECEPTOR ANTAGONISTS ON THE
MAINTENANCE OF CPP PRODUCED BY DRUGS OF ABUSE

The inhibitory effects of NMDA receptor antagonists on the acquisition and expression of condi-
tioned reward produced by drugs of abuse discussed in the preceding sections, if applied within clini-
cal settings, would perhaps facilitate the process of detoxification, although they may not lead to the
elimination of drug addiction per se. Therefore, it may be hypothesized that the ideal “antiaddictive”
medication should be able to inhibit the process of ongoing addiction/dependence (i.e., to inhibit
and/or eliminate the maintenance of the addictive state). In fact, CPP produced by heroin (43) and
morphine (21) lasts for several days or even weeks, indicating that the state of association between the
unconditioned drug stimulus and conditioned environmental cues is maintained for a substantial time.
Similar observations have been made in human addicts and show that a presentation of a stimulus
associated with heroin taking may evoke heroin craving long after detoxification (39).

It was hypothesized (21) that the treatment with a NMDA receptor antagonist should inhibit the
maintenance of conditioned morphine reward (i.e., the abnormal reactivity of the neural systems
altered by repetitive pairing of drug effects and specific environments), as it inhibits the maintenance
of morphine dependence (44). Thus, groups of rats were conditioned to morphine-rewarding effects,
and at the end of conditioning, their preference to the morphine-associated environment has been
found, as expected. During the subsequent 3 d (i.e., after conditioning), these subjects received twice a
day injections of the glycine/NMDA antagonist L-701,324 or MRZ 2/570, or the channel blocker
MRZ 2/579. The preference to the morphine-associated environment investigated in drug-free rats on
the next day indicated that the treatment with NMDA receptor antagonists did not influence the main-
tenance of the conditioned response to morphine (21). These data suggest that NMDA receptor antag-
onists may not influence the maintenance of CPP induced by morphine.

6. EFFECTS OF NMDA RECEPTOR ANTAGONISTS IN OTHER MODELS 
OF CONDITIONED REWARD

The above- summarized findings are supported by the still limited evidence generated using other
types of drug conditioning paradigm such as conditioned facilitation of intracranial self-stimulation
(45) and conditioned reinstatement of intravenous cocaine self-administration (46). Interestingly,
NMDA receptor blockade may effectively counteract the ability of abused drugs (amphetamine) to
potentiate the responding for conditioned reward (47) (see, however, ref. 48 for opposite effect with
memantine used at a fairly high dose).
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In conclusion, antagonists of NMDA receptor appear to inhibit a conditioned reward produced by
drugs of abuse (particularly opiates and psychostimulants). Preliminary clinical findings described in
other chapters of this volume strongly suggest that the same effects can be observed in humans. It
could be expected that a medication that has NMDA receptor antagonist properties might be a useful
pharmacotherapy for disorders related to abuse of a variety of substances. The most promising candi-
dates for such development in the near future include low-affinity NMDA receptor channel blockers
like memantine, dextromethorphan, and MRZ 2/579 (Nerimexane®). Others include glycine-site antag-
onists and, perhaps, other noncompetitive antagonists.
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Morphine Withdrawal as a State 

of Glutamate Hyperactivity
The Effects of Glutamate Receptor Subtype Ligands 

on Morphine-Withdrawal Symptoms

Kurt Rasmussen, PhD

1. INTRODUCTION

Cessation of the repeated administration of opiates results in a characteristic morbidity in humans,
including anxiety, nausea, insomnia, hot and cold flashes, muscle aches, perspiration, and diarrhea (1).
Great strides have been made in understanding the neurophysiology underlying these opiate-with-
drawal symptoms. Several neurotransmitter systems have been shown to play an important role in opi-
ate withdrawal, including the dopaminergic (2–4) and cholinergic (5–7) systems. This chapter will
discuss evidence for a role of the glutamate system in morphine withdrawal. Specifically, the idea that
morphine withdrawal is a state of glutamate hyperactivity in defined brain regions will be discussed.
One of those brain regions is the locus coeruleus.

2. THE LOCUS COERULEUS AND OPIATE WITHDRAWAL

The locus coeruleus (LC) is the largest cluster of noradrenergic neurons in the mammalian brain
(8,9). Although the cell bodies are confined to a small area near the forth ventricle in the anterior pons,
LC neurons send projections to most of the central nervous system, including the cerebral cortex, hip-
pocampus, cerebellum, and spinal cord (10,11). Owing to these wide-ranging projections, the LC is in
a position to influence the activity of many parts of the neuraxis and has been hypothesized to play a
role in many behaviors, physiological processes, and disease states.

The LC receives numerous afferent inputs. Sites sending projections to the LC include the nucleus
paragigantocellularis (PGi), the prepositus hypoglossi, subregions of the hypothalamus, the Kol-
liker–Fuse nucleus, the periaquaductal gray, Barrington’s nucleus in the brainstem, the nucleus of the
solitary tract, and the central nucleus of the amygdala (12–16). The projection to the LC from the PGi
has both inhibitory and excitatory components and has a strong influence on the activity of LC neu-
rons. The excitatory input from the PGi is mediated, at least in part, via glutamatergic projections (17)
and has been shown to play an important role in the activation of the LC observed during morphine
withdrawal (18).

In opiate-dependent rats, the activity of LC neurons increases dramatically during antagonist-pre-
cipitated withdrawal (19–22). This increased activity of the LC has been hypothesized to play an
important role in opiate-withdrawal symptoms. This hypothesis is supported by several lines of evi-
dence. First, the increased activity of LC neurons correlates temporally with withdrawal behaviors
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(21). Second, administration of clonidine, an α2-adrenergic receptor agonist (either systemically or
locally infused into the LC), suppresses the increased LC unit activity (19), the increase in norepineph-
rine turnover and release in LC projection areas (23–25), and many behavioral symptoms (26–28) seen
during opiate withdrawal. Third, destruction of the LC decreases physical signs of opiate withdrawal
(29). Fourth, the LC is the most sensitive site for the induction of withdrawal signs following the local
injection of an opiate antagonist (30).

However, the role of the LC in opiate withdrawal has also been questioned. In one study, a neuro-
chemical lesion of the LC did not alter opiate-withdrawal symptoms or the ability of clonidine to
reverse opiate withdrawal (31). In addition, lesions of LC noradrenergic projections did not alter opi-
ate-withdrawal-induced conditioned place aversion (32). Indeed, some investigators have suggested
that brain structures which are independent of the LC-noradrenergic system play a more important role
in the expression of opiate-withdrawal symptoms (33). Whatever the precise role of the LC in the pro-
duction of opiate-withdrawal symptoms, there is clearly a strong activation of LC neurons during opi-
ate withdrawal. This strong activation of LC neurons can serve as a model of glutamate hyperactivity
during opiate withdrawal.

3. THE ROLE OF GLUTAMATE RECEPTOR SUBTYPES 
IN OPIATE WITHDRAWAL

Glutamate receptors have been divided into two broad categories: iontotropic and metabotropic.
Iontotropic glutamate receptors contain cation-specific ion channels as a component of their protein
complex, whereas metabotropic glutamate receptors are coupled to G-proteins and modulate intracel-
lular second-messenger systems. Iontotropic receptors are divided into three main subtypes: N-methyl-
D-aspartate (NMDA), D-2-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA), and
kainate. Eight different clones for metabotropic glutamate (mGlu) receptors have been isolated
(mGlul–8). Based on agonist interactions, sequence homology, and second-messenger coupling, the
eight mGlu receptors have been grouped into three large families (34). Group I mGlu receptors include
mGlu1 and mGlu5, group II mGlu receptors include mGlu2 and mGlu3, and group III mGlu receptors
include mGlu4, 6, 7, and 8. mGlu receptors can differentially modulate synaptic function through both
presynaptic and postsynaptic sites (35). Group I mGlu receptors are primarily located postsynaptically
and typically regulate neuronal excitability. Group II and III mGlu receptors are primarily located
presynaptically and affect the release of glutamate and other neurotransmitters (36–39).

A role for glutamate receptors in opiate withdrawal was demonstrated through the use of kynurenic
acid. A naturally occurring metabolite of tryptophan, kynurenic acid is a nonselective excitatory amino
acid antagonist that does not readily cross the blood-brain barrier. Intraventricular administration of
kynurenic acid dose-dependently attenuated the behavioral signs of naltrexone-precipitated with-
drawal in morphine-dependent rats (40). Intraventricular administration does not allow precise local-
ization of the excitatory amino acid receptors involved in the attenuation of the morphine-withdrawal
symptoms. However, glutamate receptors in the LC are implicated as morphine-withdrawal-induced
activation of the LC was also blocked by intraventricular kynurenic acid administration (18,40,41).
The role of glutamate in the opiate-withdrawal-induced activation of the LC was also supported by
microdialysis experiments showing increases of glutamate and aspartate release in the LC during mor-
phine withdrawal (42,43), butorphanol withdrawal (44), and U-69,593 (a selective κ-opioid agonist)
withdrawal (45).

As mentioned above, other brain areas beside the LC play a role in opiate withdrawal. Indeed, in the
studies with kynurenic acid, the block of the morphine-withdrawal-induced activation of the LC was
nearly complete, whereas the suppression of withdrawal symptoms was only partial (40). Although anes-
thesia could account for some of this difference, another possibility is the participation of glutamate
receptors in other brain areas in the genesis of morphine-withdrawal symptoms. One such area may be the
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nucleus accumbens. The nucleus accumbens has been hypothesized to play an important role in the effects
of drugs of abuse, including a prominent role in opioid addiction and withdrawal (46). In particular, the
nucleus accumbens has been hypothesized to play an important role in the aversive stimulus properties of
opiate withdrawal (47,48). While decreased dopamine and serotonin release have been hypothesized to
play a role in the effects of the nucleus accumbens during opiate withdrawal (49,50), glutamate may also
play a role as glutamate and aspartate release increase by 300% during morphine withdrawal (51).

Another brain region that displays increased release of glutamate during opiate withdrawal is the
spinal cord. In animals that received repeated spinal infusions of morphine, naloxone administration
evoked a 300% increase of glutamate release (52). In addition, mRNA for the glutamate transporter
GLT-1 has been shown to significantly increase in the striatum during morphine withdrawal, an effect
most likely explained by enhanced glutamate release (53). However, not all brain areas will have an
increased release of glutamate during morphine withdrawal. For example, in the ventral tegmental
area, there may be a decreased release of glutamate during morphine withdrawal (54).

3.1. NMDA Receptors
The role of different subtypes of glutamate receptors in morphine withdrawal has been examined

with the use of selective pharmacological tools (55,56). Coadministration of competitive (e.g., MK-
801) and noncompetitive (e.g., LY274614) NMDA antagonists can attenuate the development of mor-
phine tolerance (57–60). In addition, administration of NMDA antagonists blocked the behavioral
signs of withdrawal in morphine-dependent rats (61–63). However, the same doses of MK801 that
blocked morphine withdrawal also simultaneously produced phencyclidine (PCP)-like behavioral
effects (i.e., head-weaving, falls, and increased locomotor activity). The competitive NMDA antago-
nist LY274614 blocked the behavioral signs of withdrawal in morphine-dependent rats but did not pro-
duce any PCP-like behavioral effects (although sedation occurred at the higher doses tested). It is
important to note that not all withdrawal symptoms were blocked by the NMDA antagonists. For
example, both MK-801 and LY274614 produced reductions in the occurrence of teeth chatter, erec-
tions, ptosis, chews, diarrhea, and weight loss, whereas neither affected lacrimation or salivation.
Thus, although NMDA receptors may play a role in the occurrence of many withdrawal signs, they are
unlikely to play a role in all.

The effects of one NMDA antagonist on opiate-withdrawal symptoms has been examined in
humans. Dextromethorphan is an over-the-counter antitussive agent that is (along with its metabolite
dextrophan) a moderately potent NMDA antagonist (64,65). Administration of dextromethorphan has
been shown to decrease opiate-withdrawal signs in rats and mice (66,67). In humans, dextromethor-
phan showed some positive effects on opiate-withdrawal symptoms in one study (68) but not in
another (69). Recently, higher doses of dextromethorphan than used in previous studies (68,69) have
been shown to be well tolerated in methadone-maintained opiate-dependent subjects (70). Thus, it is
possible that higher doses of dextromethorphan (i.e., 480 mg/d) may show efficacy in reducing opiate-
withdrawal symptoms in man. In addition, more potent NMDA antagonists may have stronger effects
on opiate withdrawal in humans; however, PCP-like side effects may preclude their routine use.

Electrophysiological recordings from LC neurons in morphine-dependent animals showed that nei-
ther MK801 nor LY274614 blocked the withdrawal-induced activation of these neurons (61). In addi-
tion, neither NMDA antagonist blocked the withdrawal-induced increase in norepinephrine turnover in
the cortex, hippocampus, or hypothalamus. Thus, the LC-noradrenergic system appears to be fully
activated in animals that are showing few overt signs of withdrawal because of pretreatment with an
NMDA antagonist. It is important to note that these results do not necessarily indicate that the LC does
not play a role in opiate withdrawal, as the NMDA antagonists may be blocking the effects of LC acti-
vation at a site distal to the LC.

N-Methyl-D-aspartate antagonists attenuate many signs of morphine withdrawal without block-
ing the withdrawal-induced increase of LC unit activity. Therefore, these studies indicate that the
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glutamate-induced activation of the LC during opiate withdrawal is not mediated primarily through
NMDA receptors. Another study reported that direct injections of an NMDA antagonist into the LC
produced a modest (approx 20%), but significant, reduction in withdrawal-induced activation of LC
neurons (22). Results indicating that the excitatory amino acid projection to the LC from the PGi is
mediated by non-NMDA receptors (17) are consistent with a relatively minor role of NMDA recep-
tors in the morphine-withdrawal-induced activation of the LC.

Other brain regions that may be important for the effects of NMDA antagonists during morphine
withdrawal have been suggested by studies of the induction of c-fos. The nuclear protein Fos is a prod-
uct of the c-fos proto-oncogene that can regulate the transcription of cellular genes (71–74). The
expression of c-fos mRNA and protein is rapidly stimulated in response to increases in neuronal activ-
ity. Thus, the presence of c-fos mRNA or protein can be used as a measure of neuronal activation
(72–74). Opiate withdrawal leads to an induction of the c-fos proto-oncogene, Fos-like immunoreac-
tivity, and Fos-related antigens (FRAs) in several regions of the rat and guinea pig brain (49, 75–77).

One study examined the effects of MK-801 and LY274614 on naltrexone-precipitated morphine
withdrawal increased c-fos mRNA levels in the nucleus accumbens, frontal cortex, amygdala, and hip-
pocampus (78). Pretreatment with MK-801 blocked the withdrawal-induced increased c-fos expres-
sion in the amygdala, but not in the nucleus accumbens, frontal cortex, or hippocampus, whereas
pretreatment with LY274614 (or the α2-adrenergic agonist clonidine) blocked the withdrawal-induced
increased c-fos expression in the amygdala and nucleus accumbens, but not in the frontal cortex or hip-
pocampus. Because NMDA receptor sites are present in all four of these areas (79), these results indi-
cate that the increased c-fos expression seen in the amygdala and nucleus accumbens during morphine
withdrawal is mediated, at least in part, by activation of NMDA receptors. Conversely, the increased c-
fos expression during morphine-withdrawal seen in the hippocampus and frontal cortex does not seem
to be mediated primarily by activation of NMDA receptors. The nucleus accumbens and the amygdala
have been suggested to play an important role in the aversive effects of opiate withdrawal (48) and
MK-801 and clonidine have been shown to attenuate at least some aversive effects of opiate with-
drawal (80,81). Thus, the effects of MK-801 and clonidine in the amygdala may play an important role
in its ability to attenuate aversive effects of opiate withdrawal.

3.2. AMPA Receptors
Coadministration of the AMPA antagonist LY293558 has been shown to attenuate analgesic toler-

ance and behavioral sensitization to morphine (82–84). Pretreatment with this same AMPA antagonist
(or its racemate LY215490) will also block many morphine-withdrawal signs (85,86). Significant
decreases in the occurrence of writhes, wet-dog shakes, stereotyped head movements, ptosis, lacrima-
tion, salivation, diarrhea, and chews were observed following pretreatment with LY293558. No signif-
icant change in the occurrence of teeth chatter, irritability, erections, or the amount of weight loss was
observed. Thus, the morphine-withdrawal symptoms attenuated by antagonism of AMPA receptors
are similar, but not the same as those attenuated by NMDA receptors. Furthermore, AMPA antago-
nists do not produce PCP-like side effects and, thus, may be useful for treating opiate-withdrawal
symptoms in humans.

The site of action of AMPA antagonists for the suppression of opiate-withdrawal signs has also
been studied. Administration of LY293558 antagonized the morphine-withdrawal-induced activation
of LC neurons in a dose-dependent manner. Thus, the morphine-withdrawal-induced activation of the
LC appears to be mediated primarily by glutamate acting through AMPA receptors. These findings
agree with an earlier study showing that intra-LC application of the nonselective AMPA/kainate antag-
onist CNQX can block most of the withdrawal-induced activation of LC neurons (22). Further support
for the role of LC activation in the genesis of morphine-withdrawal signs was seen by a study showing
that intra-LC infusions of CNQX significantly attenuated many signs of naloxone-precipitated mor-
phine withdrawal (87).
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The dose of LY293558 that was able to suppress most of the withdrawal-induced activation of LC
neurons in anesthetized animals only suppressed the physical signs of opiate withdrawal by about
50%. Although anesthesia could account for some of this difference, another possibility is the partici-
pation of AMPA receptors in other brain areas in the genesis of morphine-withdrawal symptoms.
Other potential brain sites include those with the highest density of AMPA receptors [(i.e., hippocam-
pus, layers I–III of the cortex, dorsal lateral septum, striatum, and the molecular layer of cerebellum
(88,89)]. Another area may be the central nucleus of the amygdala. The central nucleus of the amyg-
dala has been hypothesized to play a role in aversive states (90) and morphine withdrawal (30). Indeed,
local infusion of CNQX into the central nucleus of the amygdala also significantly attenuated many
morphine-withdrawal symptoms, including irritability, ptosis, lacrimation, penile erections, wet-dog
shakes, teeth chattering, and weight loss, but not diarrhea, rhinorrhea, abnormal posture, rearing, and
grooming (87).

Although LY293558 is more selective for AMPA (iGluR1-4) receptors than CNQX (and is system-
ically available), it has been shown to also have high affinity for one type of kainate receptor (iGluR5)
in addition to AMPA receptors. Therefore, we examined the effects of a selective iGluR1–4 noncom-
petitive antagonist LY300168 [GYKI 53655 (91,92)] and a selective iGluR5 antagonist, LY382884
(93), on the morphine-withdrawal-induced activation of LC neurons and behavioral signs of morphine
withdrawal (94). Administration of LY300168, but not LY382884, significantly attenuated the occur-
rence of morphine-withdrawal signs. LY300168 attenuated the occurrence of writhes, wet-dog shakes,
ptosis, digging, salivation, irritability, diarrhea, chews, and weight gain, but not teeth chatter, jumps, or
erections. LY382884 attenuated only lacrimation. The effect of LY382884 on lacrimation confirms
that the compound is having biological activity under the present conditions and implicates iGluR5
receptors in morphine-withdrawal-induced lacrimation. Administration of LY300168 also completely
attenuated the morphine-withdrawal-induced activation of LC neurons in a dose-dependent manner.
However, administration of LY382884 did not affect the morphine-withdrawal-induced activation of
LC neurons. LY382884 has previously been shown to have activity in vivo in rats following systemic
administration at doses at and below those used in this study [i.e., 5– 100 mg/kg (95)]. Therefore, these
results support the conclusion that the morphine-withdrawal-induced activation of LC neurons is
mediated by glutamate acting at AMPA (iGluR 1–4) receptors and they indicate that iGluR5 receptors
play little, if any, role.

3.3. Metabotropic Glutamate Receptors
Several studies have supported a role of metabotropic glutamate (mGlu) receptors in morphine

dependence (96,97). Based on these results, a model in which the effects of mGlu receptors on intra-
cellular second messengers influence opiate tolerance and dependence has been proposed (98). In
addition, an mGlu receptor group II agonist decreased the severity of some morphine withdrawal signs
(97). However, the interpretation of these experiments is clouded by the nonselective nature and lack
of central penetration of some of the compounds employed (e.g., ACPD and DCG-IV). The selective,
centrally penetrant mGlu receptor group II agonist LY354740 has also been studied in morphine
dependence and withdrawal. Administration of LY354740 blocked morphine, but not fentanyl (a selec-
tive µ-opiate agonist), tolerance (99). LY354740 also has been shown to block opiate-withdrawal
symptoms in the mouse (100) and rat (101). In the rat, pretreatment with LY354740 decreased the
occurrence of writhes, digging, salivation, diarrhea, chews, wet-dog shakes, and ptosis, whereas teeth
chatter, lacrimation, irritability, erections, and weight loss were not affected. Thus, LY354740 had sim-
ilar effects on individual morphine-withdrawal symptoms as AMPA antagonists (86). The studies sug-
gest that mGlu group II receptor agonists may be a novel treatment for opiate withdrawal in humans.

LY354740, but not its inactive isomer LY317207, significantly reduced morphine-withdrawal-
induced acativation of LC neurons (101). This finding is consistent with reports that presynaptic mGlu
receptors function as glutamate autoreceptors to inhibit activation of LC neurons (102). The release of



334 Rasmussen

glutamte in the LC during morphine withdrawal, as mentioned above is elevated (42,43) and
LY354740 reduces veratridine-stimulated release of glutamate in vivo (103). Thus, it seems likely that
LY354740 attenuates the morphine-withdrawal-induced activation of LC neurons, at least in part, by
decreasing the release of glutamate. However, indirect effects of presynaptic mGlu receptors on the
release of other neurotransmitter in the LC [e.g., GABA (104)] may also play a role in the effects of
LY354740. Further studies are needed to explore the affects of LY354740 on the release of glutamate,
GABA, and/or other neurotransmitter in the LC during morphine withdrawal.

In addition to the presynaptic actions of LY354740, the activation of postsynaptic mGlu2/3 recep-
tors in the LC may also be involved in the suppression of morphine-withdrawal symptoms. LY354740
and other mGlu2/3 agonists can act via postsynaptic receptors to inhibit cAMP formation and adeny-
late cyclase (AC) activity (105). In the LC, upregulation of cAMP and AC pathways plays an impor-
tant role in the development and expression of morphine dependence (106–108). For example, chronic
morphine administration increases levels of AC and cAMP-dependent protein kinases activity in the
LC, and intra-LC administration of cAMP-dependent protein kinase inhibitors attenuates opiate with-
drawal (109,110). Thus, LY354740 may attenuate the morphine-withdrawal-induced activation of LC
neurons by reducing the production of cAMP in addition to inhibiting the release of glutamate.

The actions of LY354740 in other brain areas, in addition to the LC, may play a role in its suppres-
sion of morphine-withdrawal symptoms. Other potential sites of action of LY354740 include those
with the highest densities of mGlu2/3 receptors, including the cerebral cortex, hippocampus, substan-
tia nigra, habenula, and spinal cord (111). Importantly, mGlu2/3 receptors are located in some areas
thought to be involved in opiate-withdrawal behaviors such as the amygdala, periaquaductal grey area,
and spinal cord (30,111). One region that may especially be important for the actions of LY354740
during morphine withdrawal is the nucleus paragigantocellularis (PGi). The PGi contains mGlu2/3
receptors, sends a major glutamatergic afferent to the LC, and lesions of the PGi reduce morphine
withdrawal symptoms (17,18,111). Thus, activation of mGlu2/3 receptors in the PGi may reduce sub-
sequent release of glutamate in the LC and attenuate activation of LC neurons.

The relative contribution of mGlu2 versus mGlu3 receptors to the action of LY354740 is not clear.
However, LY354740 has a higher affinity for mGlu2 than mGlu3 receptors (112) and mGlu2 and
mGlu3 receptors have a differential distribution in the brain (113,114). Thus, activation of mGlu2 and
mGlu3 receptors may have different effects on morphine withdrawal. Additional studies with com-
pounds selective for mGlu2 or mGlu3 receptors will help shed light on the role of these receptor sub-
types in opiate withdrawal.

4. CONCLUSION

A great deal of evidence supports an important role for the glutamatergic system in morphine with-
drawal. The nonselective glutamate antagonist kynurenic acid can attenuate many symptoms of mor-
phine withdrawal. Antagonists selective for NMDA and AMPA receptors can also attenuate many
symptoms of morphine withdrawal. In addition, mGlu receptor group II receptor agonists, which can
suppress the release of glutamate, can also attenuate many symptoms of opiate withdrawal. As NMDA
antagonists may produce PCP-like side effects, AMPA receptor antagonists and mGlu group II recep-
tor agonists may be novel pharmacotherapies in the treatment of opiate withdrawal in humans. There is
also evidence for enhanced glutamate activity in select brain regions during morphine withdrawal.
There is an increased release of glutamate in several brain regions during morphine withdrawal (e.g.,
LC, nucleus accumbens, spinal cord) and NMDA antagonists can block c-fos activation in several
brain regions observed during morphine withdrawal (e.g., nucleus accumbens, amygdala). Activation
of the LC during opiate withdrawal has been particularly well studied and is mediated primarily by
increased release of glutamate acting at AMPA receptors. Taken together, these studies support the
idea of morphine withdrawal as a state of glutamate hyperactivity in selected brain regions.
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Alcohol Actions on Glutamate Receptors

Robert W. Peoples, PhD

1. INTRODUCTION

Alcohol is arguably the oldest drug known to man, its use dating back at least 10,000 yr to the dawn
of human civilization (1). Although illicit drug use often receives more attention in contemporary soci-
ety, alcohol abuse exacts a devastating toll: In the United States at present, over 7% of the population
meet diagnostic criteria for alcohol abuse or alcoholism (2), over 28% of children under 18 yr of age
are exposed to alcohol abuse or dependence in the home (3), and the overall economic cost to society
of alcohol abuse has been estimated at $ 185 billion (4). Despite intensive research since the latter part
of the previous century, it is clear that the biological actions that are responsible for the characteristic
effects of ethyl alcohol, or ethanol, on human physiology and behavior are still incompletely under-
stood. Because of the simple chemical structure of ethanol (it differs from water only by two methyl-
ene groups) and its low potency (it produces most of its biological effects at millimolar
concentrations), alcohol undoubtedly interacts with multiple sites in the central nervous system. The
biological effects of alcohol almost certainly reflect its concerted actions at a number of these sites. Of
the many possible targets of alcohol actions, neurotransmitter receptors, and in particular, neurotrans-
mitter-gated receptor-ion channels are currently believed to be among the most important (5). Because
the neurotransmitter glutamate mediates the majority of fast excitatory neurotransmission in the cen-
tral nervous system via actions on glutamate-gated receptor-ion channels (6), effects of alcohol on
these ion channels could profoundly alter central nervous system function.

In addition to postsynaptic effects on glutamate receptors, alcohol could also influence glutamater-
gic neurotransmission presynaptically by altering release of glutamate or its clearance from the synap-
tic cleft. Few studies have addressed this, however (7–9), and results of studies in brain slices suggest
that presynaptic effects of alcohol on glutamatergic transmission are likely to be of lesser physiologi-
cal importance relative to postsynaptic effects (10,11). The content of this chapter will be restricted to
the effects of acute exposure to alcohol on pharmacologically isolated or recombinant glutamate
receptors. Although effects of repeated or chronic exposure to alcohol on glutamate receptors are of
great interest because of their relevance to human alcohol abuse and alcoholism, this topic is addressed
in Chapters 24–26. For a more detailed discussion of the effects of alcohol on glutamatergic synaptic
transmission, including studies performed prior to glutamate receptor cloning, the reader is referred to
the review by Weight (12).

2. ACTIONS OF ALCOHOL ON NMDA RECEPTORS

Glutamate-gated membrane ion channels are broadly divided into N-methyl-D-aspartate (NMDA)
receptors and non-NMDA receptors [(6); see Chapters 1 and 2].) NMDA receptor-ion channels are
involved in nervous system excitability, cognitive function, forms of neural plasticity believed to
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underlie learning and memory, and motor coordination (13–16), all of which have obvious relevance to
the intoxicating effects of alcohol. Perhaps the first evidence of an effect of alcohol on NMDA recep-
tors was the finding that ethanol, as well as the alcohols methanol, 1-propanol, and 1-butanol, inhibited
NMDA-evoked 22Na+ efflux from rat striatal slices (17). The first direct evidence for alcohol inhibition
of NMDA receptors in neurons was reported in a study in mouse hippocampal neurons in culture, in
which alcohols from methanol to isopentanol inhibited NMDA-, kainate-, and quisqualate-activated
ion current (18). Other studies in the same year also demonstrated ethanol inhibition of NMDA recep-
tor single-channel currents (19) and ethanol inhibition of NMDA-stimulated 45Ca2+ uptake (20,21),
cyclic GMP production (21,22), and neurotransmitter release (23). Importantly, ethanol inhibits
NMDA receptors at physiologically relevant concentrations (Fig. 1). Although the potency of ethanol
may vary depending on experimental conditions, the large number of studies to date that have reported
inhibition of NMDA receptor-mediated responses by concentrations of ethanol in the intoxicating
range in many different tissues and preparations using various experimental techniques testifies to the
robustness of this effect.

2.1. Effects of Alcohol on NMDA Receptor Subunits
N-methyl-D-aspartate receptors are heteromeric assemblies containing NR1 subunits, of which

there are eight variants due to alternate RNA splicing of three cassettes (N1, C1, and C2), and NR2
subunits, of which there are four subtypes, NR2A–NR2D (6). Because the distribution of these sub-
units varies among brain regions (25), any differences in ethanol sensitivity among subunits could
result in brain region-specific effects of ethanol (26–28). Such differences in ethanol sensitivity among
NR1 subunit splice variants and NR2 subunits have been observed in some, but not all, studies. In
Xenopus laevis oocytes expressing recombinant NMDA receptor subunits, ethanol inhibition of
NMDA receptors was greatest when the NR1 subunit contained the N1, C1, and C2 cassettes,
appeared to decrease in NR1 subunits lacking either the N1 or C1 cassettes and was lowest in NR1
subunits containing only the C2 cassette (29). Interestingly, these differences in ethanol potency were
not observed when calcium in the extracellular bathing solution was replaced with barium. In a later
study, ethanol sensitivity of native NMDA receptors in rat striatal neurons or recombinant NMDA

Fig. 1. Ethanol inhibits NMDA receptors at physiologically relevant concentrations. Traces are current acti-
vated by 25 µM NMDA and 10 µM glycine and its inhibition by 50 mM ethanol (EtOH) in a rat hippocampal neu-
ron. The bars over the traces correspond to the duration of agonist and ethanol application. (Data from ref. 24.)
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receptors in transfected cells did not differ depending on the presence or absence of the NR1 N-termi-
nal cassette (30). In some studies, the NR2 subunit type was reported to alter ethanol sensitivity of
NMDA receptors, with NR2A and NR2B subunit-containing receptors generally being the most sensi-
tive to ethanol inhibition (31–36), whereas other studies reported little if any influence of the NR2 sub-
unit on ethanol sensitivity (30, 37–39). If there is any consensus on this point at present, it is that
NR2A and NR2B subunits under some conditions confer the highest ethanol sensitivity, with NR2B
being perhaps the most sensitive, whereas NR2C and NR2D subunits are less sensitive. The contribu-
tion of NR1 splice variants to ethanol sensitivity in neurons under normal physiological conditions is
probably of lesser importance. It should be appreciated, however, that any differences in ethanol sensi-
tivity among NMDA receptor subunits are subtle at best. Thus, brain region-specific ethanol sensitivity
of NMDA receptors is most probably not attributable to simple differences in ethanol sensitivity of
subunit combinations, but instead is more likely to arise primarily from factors such as phosphoryla-
tion state or intracellular modulatory proteins (see below). Differences in regional expression of
NMDA receptor subunits may still be important, however, in that modulation of ethanol sensitivity by
phosphorylation or intracellular proteins may differ among subunits.

2.2. Mechanisms of Alcohol Action on NMDA Receptors
Studies designed to identify the mechanism of alcohol action on the NMDA receptor have been

inconclusive to date. The agonist-binding site of the NMDA receptor is clearly not the site of ethanol
action, based on observations of noncompetitive inhibition in experiments using electrophysiological
recording of NMDA-activated current in hippocampal neurons (40) (Fig. 2), NMDA-evoked release of
[3H]norepinephrine from cerebral cortical slices (23,41) or of [3H]dopamine from striatal slices (42),
NMDA-stimulated Ca2+ influx in cerebellar granule cells (43) or dissociated whole brain cells (44),
and NMDA-activated current in Xenopus oocytes injected with rat hippocampal mRNA (28). In addi-
tion, radiolabeled ligand-binding experiments in membranes from mouse cerebral cortex or hippocam-
pus indicate that ethanol does not alter the binding affinity of [3H]L-glutamate or of the NMDA

Fig. 2. Ethanol inhibition of NMDA receptors is not competitive with NMDA. The graph plots the percentage
of current activated by 250 µM NMDA as a function of NMDA concentration in the absence (filled circles) and
presence (open circles) of 100 mM ethanol. Solutions of NMDA also contained 10 µM glycine. Each data point is
the mean ± S.E. of six to seven neurons. The curves shown are the best fits of the data to the equation y = Emax/[1 +
(X/EC50)n, where x and y are concentration and response, respectively, EC50 is the half-maximal concentration, n is
the slope factor (Hill coefficient), and Emax is the maximal response. Ethanol decreased the maximal response of
the NMDA concentration–response curve without changing the EC50 of NMDA. (Data from ref. 40.)
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competitive antagonist [3H]CGS 19755 (45). Similarly, alcohols do not interact with the modulatory
sites for dissociative anesthetics, oxidation–reduction reagents, polyamines, protons, and Zn2+ on the
NMDA receptor channel (32,40,46). In contrast, results from several of the early studies suggested that
alcohol interacts with the NMDA receptor glycine coagonist site (21,42–44,47) and that Mg2+ could
enhance the inhibitory effect of ethanol (48–50), whereas in other studies, interactions of alcohols with
the glycine (24,32,34,40,51,52) or Mg2+ sites were not observed (32,40,41,44,46) (Fig. 3). The dis-
crepant results regarding ethanol interaction with the glycine site have not yet been entirely resolved,
but may, in part, arise from differences in experimental techniques, differences in NMDA receptor
subunit composition (53), or differences in intracellular modulators that vary with cell type and exper-
imental protocol. For example, ethanol inhibition and its reversal by high concentrations of glycine
differ in cerebral cortical and cerebellar granule neurons (46,54). In one study using rat cerebellar
granule neurons in culture, high concentrations of glycine reversed ethanol inhibition of NMDA-acti-
vated steady-state current when the perforated-patch recording mode was used, which largely pre-
serves the intracellular milieu, but not when the intracellular environment was altered by using the
whole-cell patch-clamp recording mode (55). Furthermore, pre-exposure to ethanol in the absence of
NMDA enhanced ethanol inhibition of peak NMDA-activated current in these neurons. Thus, one or
more intracellular factors, such as a protein kinase (54), rather than a site on the NMDA receptor itself,
may contribute significantly to glycine reversal of ethanol inhibition of NMDA receptors in this cell
type. With regard to Mg2+ enhancement of ethanol inhibition of NMDA receptors, the difference in the
results obtained among the various studies most probably arises from the different techniques used.
Studies reporting an enhancement of ethanol inhibition by Mg2+ did not measure NMDA receptor
function directly, but, instead, measured changes in membrane potential or second-messenger levels.
Because Mg2+ has effects on proteins other than the NMDA receptor, actions of Mg2+ on these addi-
tional sites could influence or obscure effects mediated by the NMDA receptor, which could account
for the increases in the slopes of the NMDA concentration–response curves in the presence of Mg2+

observed in those studies (48–50), as well as for the observation of apparent competitive inhibition of
NMDA receptor-mediated responses by Mg2+ (50), a known ion-channel blocker (56,57). Finally,

Fig. 3. Ethanol inhibition of NMDA receptors is not competitive with glycine. The graph plots the percentage
of current activated by 50 µM NMDA as a function of glycine concentration in the absence (filled circles) and
presence (open circles) of 50 mM ethanol. Each data point is the mean ± S.E. of at least seven neurons. The curves
shown are the best fits of the data to the equation described in the legend to Fig. 1. Ethanol decreased the maximal
response of the glycine concentration–response curve without changing the EC50 of glycine. (Data from ref. 40.)
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although Mg2+ was observed to alter the half-maximal inhibitory concentration (IC50) of ethanol in
these studies, results of experiments in which ethanol and Mg2+ concentration were covaried indicated
separate sites of action of ethanol and Mg2+ (48,49).

As would be predicted from the observations of noncompetitive inhibition by alcohol of NMDA
receptors, results obtained using single-channel recording have shown that ethanol and related alco-
hols inhibit NMDA receptors via effects on gating of the ion channel. In outside-out membrane
patches from rat hippocampal neurons, ethanol inhibited NMDA-activated single-channel current pri-
marily by decreasing the mean open time of the channel (19). Similarly, in outside-out membrane
patches from mouse cerebral cortical and hippocampal neurons, ethanol inhibited NMDA receptor sin-
gle-channel current by reducing both the mean open time and the frequency of opening of the ion
channels by approximately the same extent (58). The observation in this study that there were no
changes in fast closed-state kinetics or open-channel conductance in the presence of ethanol also pro-
vides evidence that ethanol does not produce open-channel block of the receptor.

2.3. Molecular Sites of Alcohol Action on NMDA Receptors
The identity of the precise molecular sites of action of alcohol on NMDA receptors has remained

elusive. One approach used to determine the characteristics of such a site was based on the observation
that alcohols exhibit a “cutoff” effect (59–64). As the molecular size of a series of analogous alcohols
is increased, a point is reached at which the biological potency attains a maximum; potency then levels
off or declines with further increases in size. In mouse hippocampal neurons, the NMDA receptor
inhibitory potency of a series of primary straight-chain alcohols exhibited a distinct cutoff: potency
increased with increases in carbon chain length up to seven carbon atoms, and decreased precipitously
above this point (65). These observations were originally interpreted to result from exclusion of the
larger alcohols from an amphiphilic alcohol-binding site of fixed dimensions, which would allow esti-
mation of the molecular volume of this site. Results of a subsequent study, however, indicate that this
effect appears to be attributable primarily to an inability of the higher alcohols to achieve adequate
aqueous concentrations, rather than to the inability of these alcohols to bind to a site of action because
of their physical dimensions (66). In a recent study (67), two alternative approaches were used in an
attempt to localize the site of alcohol action on the NMDA receptor. The first approach involved trun-
cation of the intracellular C-terminal regions of the NR1 and NR2 subunits to determine whether these
regions contained the site of action of alcohol. Results of this study indicated that the C-terminal
domain of the NMDA receptor is highly unlikely to contain the site of ethanol action, because removal
of virtually all of the C-termini of the NR1 and NR2B subunits did not abolish the inhibitory effect of
ethanol (67) (Fig. 4). The second approach involved selective application of alcohols to either the
extracellular or intracellular side of the membrane in cells transfected with NMDA receptor subunits
and cell-free membrane patches from these cells. In these experiments, alcohols inhibited NMDA-acti-
vated current only when applied to the extracellular side of the membrane (Fig. 5). Under the condi-
tions used in these experiments, the alcohols would have access to residues in the transmembrane
regions of the receptor protein that are exposed to the surrounding membrane lipids. Thus, the site of
alcohol action is located either in a region of the receptor protein that is directly exposed to the extra-
cellular environment , or in a transmembrane domain in a region that is accessible only from the extra-
cellular environment (Fig. 6).

2.4. Modulation of Alcohol Sensitivity of NMDA Receptors
A number of sites on the NMDA receptor protein have been identified that modulate its alcohol

sensitivity, but are unlikely to be alcohol-binding sites. In rat cerebellar granule neurons, alcohol sen-
sitivity of NMDA receptor-mediated Ca2+ influx was altered by phosphorylation of the receptor or an
associated protein by protein kinase C (47). The protein tyrosine kinase Fyn was also suggested to
regulate NMDA receptor alcohol sensitivity following the initial observations that the duration of
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alcohol hypnosis was increased twofold to three-fold in genetically engineered mice lacking the Fyn
protein (Fyn “knockout” mice) and that acute tolerance to ethanol inhibition of NMDA receptor-
mediated postsynaptic potentials developed in hippocampal slices from control, but not Fyn knockout,
mice (69). Because the acute tolerance in hippocampal slices from control mice in this study was
blocked by the NR2B subunit-selective selective antagonist ifenprodil and because NR2B subunit
phosphorylation was enhanced by ethanol administration, phosphorylation of the NR2B subunit was
thought to decrease the alcohol sensitivity of hippocampal NMDA receptors. A subsequent study,
however, found that although Fyn kinase phosphorylated both NR2A and NR2B subunits expressed in
mammalian cells, it reduced ethanol inhibition of NMDA receptors that contained the NR2A, but not

Fig. 4. Ethanol inhibition of NMDA receptors does not require the intracellular C-terminal regions. (Top) Dia-
grams of the C-terminal truncation mutants of NR1 and NR2B. Regions deleted from wild-type subunits are shown
in dark shading, the positions of the C-terminal residues in the truncated and wild-type subunits are shown above
the diagrams, and the remaining sequence following TM4 is shown below the diagrams. (Bottom) Concentra-
tion–response curves for inhibition of NMDA-activated ion current by ethanol in each combination of wild-type
and truncation mutant NR1 and NR2B subunits. Concentrations of NMDA and glycine used were 25 and 10 µM,
respectively. Data points are means ± S.E. of six to seven cells, and lines shown are least-squares fits to the equa-
tion in the legend to Fig. 1. Truncation of the NR1 subunit did not significantly alter the ethanol IC50 (149 ± 9.76
mM vs a control value of 138 ± 8.71 mM; p > 0.05), whereas truncation of the NR2B subunit produced a slight
decrease in the ethanol IC50 [107 ± 7.25 mM vs a control value of 138 ± 8.71 mM; p < 0.01, ALLFIT (68) analy-
sis]. (Data from ref. 67.)
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the NR2B, subunit (70). Although the results of the latter study do not confirm the regulation of alco-
hol sensitivity of the NR2B NMDA receptor subunit by Fyn kinase, the observation that ethanol sensi-
tivity of NR2A subunit-containing NMDA receptors was altered by Fyn kinase is consistent with
results from other studies suggesting that the intracellular C-terminal domain of the NMDA receptor
channel, which contains multiple phosphorylation sites for a number of serine/threonine and tyrosine
protein kinases (6), might be involved in the regulation of alcohol sensitivity. In one study, high extra-
cellular calcium increased the ethanol sensitivity of receptors containing NR2A, but not NR2B or
NR2C, subunits expressed in Xenopus laevis oocytes, and this increase was dependent on the presence
of the initial segment (CO domain) of the C-terminus of the NR1 subunit (71). Another study from the
same laboratory reported that the enhanced ethanol sensitivity in the presence of high calcium con-
centrations was reduced by mutating residues in the NR1 C0 domain responsible for calcium-depen-
dent inactivation in NMDA receptors containing NR2A, but not NR2B or NR2C, subunits in
transfected cells (72). This latter study also demonstrated that coexpressing the anchoring/scaffold
protein α-actinin 2, which binds to the C0 domain of NR1 (73), reduced the inhibitory effect of

Fig. 5. Ethanol does not inhibit NMDA receptors when applied to the cytoplasmic face of the membrane.
Traces are single-channel currents activated by 100 µM NMDA and 10 µM glycine in an inside-out patch from a
single cell. The patch was voltage clamped at +50 mV; ion-channel openings are upward. Traces are representative
segments of 30-s records and are sequential from top to bottom. The cytoplasmic face of each patch was continu-
ously bathed in extracellular solution, either in the absence or the presence of ethanol (EtOH) at 100 or 250 mM.
The total charge conducted by NMDA receptors in this patch was 103% and 104% of control in the presence of
100 and 250 mM ethanol, respectively; similar results were obtained in four patches tested. (Data from ref. 67.)
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ethanol. Thus, proteins that interact with the intracellular C-terminal region of NMDA receptor sub-
units may also regulate ethanol sensitivity. As discussed earlier, however, the C-termini of the NR1
and NR2B subunits do not contain the site of action of ethanol. Interestingly, truncating the intracellu-
lar C-terminal domain of the NR2B subunit slightly increased NMDA receptor ethanol sensitivity (67)
(Fig. 4), suggesting that the regulatory influence of the C-terminal domain upon alcohol sensitivity
differs among subunits and depends on experimental conditions.

Recent studies using site-directed mutagenesis in recombinant NMDA receptor subunits have
reported that a residue in the third transmembrane domain of the NR1 subunit can influence
ethanol sensitivity (74,75). As this amino acid is located in the region proposed to contain the site
of alcohol action, it may constitute or form part of the alcohol-binding site.

3. ACTIONS OF ALCOHOL ON AMPA/KAINATE RECEPTORS

Non-NMDA glutamate-gated ion channels are further divided into two groups based on their rela-
tive sensitivity to α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) or kainate (6)
(Chapters 1 and 2). AMPA receptors mediate the great majority of fast excitatory neurotransmission
in the central nervous system (6,76). Kainate receptors also mediate fast excitatory neurotransmission
in the central nervous system and may also modulate neurotransmitter release through a presynaptic
action (76). Because of the widespread distribution of AMPA/kainate receptors and their importance
in neurotransmission, the effects of alcohols on these receptors could profoundly influence the exci-
tatory tone and function of the central nervous system. The first observation of alcohol modulation of
AMPA/kainate receptor function was that efflux of 22Na+ from slices of rat striatum evoked by the
non-NMDA receptor agonists kainate or quisqualate was inhibited by alcohols from methanol to
butanol (17). In this study, alcohols inhibited responses to kainate or quisqualate more potently than
responses to NMDA, which is in contrast to results obtained in the majority of subsequent studies.
For example, alcohols from methanol to isopentanol inhibited kainate- and quisqualate-activated ion
current less potently than NMDA-activated current in mouse hippocampal neurons in culture (18).

Fig. 6. The region of the NMDA receptor containing the site of alcohol action. The diagram shows a single
NMDA receptor subunit in a membrane bilayer. The part of the figure above the membrane corresponds to the
extracellular environment, and the regions numbered 1–4 are the membrane-associated domains. The probable
region containing the site of alcohol action is located within the box (dashed lines).
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Preferential inhibition of NMDA versus non-NMDA receptors was also observed in a study using
extracellular recording in rat hippocampal slices, in which 100 mM ethanol inhibited NMDA recep-
tor-mediated postsynaptic potentials by approx 45% and AMPA/kainate receptor-mediated postsy-
naptic potentials by approx 10% (10). A number of other groups have also reported more potent
inhibition of NMDA versus non-NMDA receptor-mediated responses, including agonist-evoked nor-
epinephrine release in human cerebral cortical slices (77), postsynaptic potentials in rat spinal cord
slices (78), depolarization in rat brain slices (79), agonist-activated current in rat cerebellar granule
neurons (80), and cortical neurons (81). It is likely that the responses in the above-described studies
were mediated predominantly by AMPA receptors rather than kainate receptors, even in cases where
kainate was used as the agonist, because AMPA receptor expression is much greater than kainate
receptor expression at the majority of synapses and kainate can activate AMPA receptors as well as
kainate receptors (76). Intriguing results obtained in a recent study suggest that kainate receptors may
be more sensitive than AMPA receptors to ethanol inhibition. In this study, kainate receptor-mediated
postsynaptic potentials and kainate-activated current in rat hippocampal CA3 pyramidal neurons
were inhibited by relatively low concentrations of ethanol (e.g., 20 mM), whereas AMPA receptor-
mediated postsynaptic potentials were not affected by ethanol at these concentrations (82).

3.1. Effects of Alcohol on AMPA/Kainate Receptor Subunits
The AMPA receptors are composed of one or more types of the non-NMDA glutamate receptor

subunits GluR1–4, each of which occurs in forms termed “flip” and “flop” because of alternative RNA
splicing at a 38-amino-acid segment preceding the fourth transmembrane domain, and kainate recep-
tors are composed of one or more types of the subunits GluR5–7 and KA1–2 (6). Despite initial
reports of lower ethanol potency for inhibition of AMPA/kainate receptors in native neurons and tis-
sues relative to NMDA receptors, ethanol inhibited recombinant AMPA receptors formed from vari-
ous combinations of GluR1, GluR2, and GluR4 subunits transfected in mammalian cells with
potencies comparable to those observed for NMDA receptor inhibition (83). Although the flip splice
variants of these subunits were used in this study, the ethanol sensitivity reportedly did not differ in
the flop forms; however, a recent study in Xenopus oocytes reported lower potencies for ethanol inhi-
bition of the flop forms of GluR1 and GluR3 (84). In addition, ethanol inhibition was similar among
various combinations of the AMPA receptor subunits GluR1, GluR2, and GluR3 expressed in Xeno-
pus oocytes (85). Results obtained to date suggest that potency for ethanol inhibition of kainate recep-
tors also does not highly depend on subunit composition. Ethanol inhibition was reported to be similar
in receptors containing GluR5, GluR6, KA1, and KA2 subunits expressed homomerically (in the case
of GluR5 and GluR6) and in various heteromeric combinations in both Xenopus oocytes and trans-
fected mammalian cells (86).

3.2. Mechanism of Alcohol Action on AMPA/Kainate Receptors
As is true of NMDA receptors, ethanol inhibition appears to be noncompetitive with respect to ago-

nist in both AMPA (28) and kainate (86) receptors; beyond this, little is known at present about the
mechanism of alcohol action on AMPA/kainate receptors. A site in the fourth membrane-associated
domain of the GluR6 subunit that is involved in volatile anesthetic sensitivity apparently has no influ-
ence on the alcohol sensitivity of this subunit (87). The cutoff for inhibition of AMPA/kainate recep-
tors by a series of alcohols (see above) appears to differ little among subunits (84,88,89), and such
observations have not revealed specific structural information about putative alcohol-binding sites.

3.3. Modulation of Alcohol Sensitivity of AMPA/Kainate Receptors
Studies on the influence of phosphorylation on the alcohol sensitivity of AMPA/kainate receptors

have not yielded consistent results, perhaps because of differences in subunit composition of the
receptors, experimental methods, and tissue type. In Xenopus oocytes, high extracellular calcium
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concentrations have been reported to enhance ethanol inhibition via stimulation of protein kinase C in
coexpressed GluR1 and GluR3 AMPA receptor subunits (85), whereas in rat cerebellar granule neu-
rons in culture, ethanol inhibition of kainate-evoked increases in intracellular calcium was reversed
by stimulation of protein kinase C (47). In homomeric GluR6 kainate receptors however, ethanol
inhibition was not altered by activation of protein kinases A and C, calcium/calmodulin-dependent
protein kinase II, protein tyrosine kinases, and serine–threonine protein phosphatases (90).

4. SUMMARY AND CONCLUSIONS

Inhibition of glutamate-gated membrane ion channels by alcohols at concentrations in the intoxi-
cating range has been extensively documented in a large number of studies performed over more
than a decade of research. Although it is sometimes argued that the extent of inhibition of these
channels by physiological concentrations of alcohols is too small to be responsible for the behavioral
effects of alcohols, this argument fails to appreciate the physiology of neuronal signaling in the brain
and spinal cord. Figure 7 illustrates that a small reduction in the amplitude of an excitatory postsy-
naptic potential (EPSP) mediated by glutamate receptors could prevent the membrane potential of
the postsynaptic neuron from reaching the threshold for action potential firing, resulting in a com-
plete inhibition of signal transmission at this synapse. In a neuronal pathway containing many neu-
rons and synapses, it is not difficult to envision how this phenomenon could result in the
amplification of the inhibitory effect of alcohol. Such an effect has, in fact, been observed in rat hip-
pocampal slices, in which 50 mM ethanol inhibited NMDA receptor-mediated EPSPs by approx
30%, but inhibited the resultant population spike (as a result of action potentials at many synapses)
by nearly 70% (10).

In addition to the observations that concentrations of alcohols in the intoxicating range inhibit
NMDA receptors, other lines of evidence are also consistent with the involvement of NMDA recep-
tors in the behavioral effects of alcohols. For example, NMDA receptor inhibitory potency of alcohols
has been shown to correlate with intoxication potency in vivo (18,65), and the potency of ethanol for
producing anesthesia in rats is similar to its potency for modulation of NMDA, but not GABAA,

Fig. 7. Moderate inhibition of excitatory postsynaptic currents by ethanol can result in pronounced inhibition
of neuronal signaling. The diagram on the left shows an excitatory glutamatergic synapse under normal conditions.
Glutamate released from the presynaptic terminal (in response to its invasion by an action potential) causes an
excitatory potential in the postsynaptic cell via activation of AMPA/kainate and NMDA receptors. Because this
excitatory potential exceeds the threshold of the postsynaptic cell, it results in the firing of an action potential
(shown superimposed on the postsynaptic potential as well as in the axon) and thus propagates the signal to the
next synapse(s) in the pathway. The diagram on the right illustrates that a slight inhibition of the postsynaptic
potential that drops its amplitude below the threshold can prevent action potential firing and thus prevent the fur-
ther propagation of the signal.
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receptors in hippocampal neurons (91). In drug-discrimination studies, in which animals are trained to
produce an operant behavior in response to ethanol administration, NMDA antagonists can substitute
for ethanol in rats and pigeons (92–96), suggesting that the animals perceive the subjective effects of
ethanol and NMDA antagonists to be similar. Furthermore, microinjection of NMDA receptor antago-
nists into the nucleus accumbens or hippocampus was able to substitute for ethanol administered sys-
temically in rats (97). Observations that NMDA receptor antagonists reduce self-administration of
ethanol in rats are also consistent with similar subjective effects of NMDA receptor antagonists and
alcohol (98,99). Finally, human alcoholics perceive the subjective effects of ethanol to be similar to
those of an NMDA antagonist [(100); Chapter 26]. Thus, NMDA receptors appear to play an impor-
tant role in mediating the intoxicating actions of alcohols; AMPA/kainate receptors may be involved
in the effects of higher concentrations of alcohols, such as anesthesia (101), because of their generally
lower potencies for inhibition by alcohols.

A more complete understanding of the molecular mechanisms that underlie the actions of alcohol
on glutamate receptors and the modulation of the alcohol sensitivity of these receptors by interactions
with other proteins and biochemical modifications such as phosphorylation should lead not only to a
better understanding of the physiology and pharmacology of glutamate receptors but also to the devel-
opment of novel therapeutic agents and more effective therapeutic regimens for the treatment of alco-
hol abuse and alcoholism.
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1. INTRODUCTION

Alcohol is a major drug of use and abuse in the United States. An estimated 15 million Americans
(1988 NHIS study) are alcohol abusers or alcohol dependent. Lifetime prevalence of alcohol depen-
dence is estimated at 13% and 4% for American men and women over 18 yr of age, respectively (1). It
is well established that chronic excessive ethanol consumption produces marked deficits in cognitive
and motor abilities (2,3). Alcohol is a leading cause of adult dementia in the United States, accounting
for approx 10% of cases (Alzheimer’s disease is the leading cause, accounting for 40–60% of cases).
Although there is evidence of reversibility of deficits with sobriety (4), a variety of studies report that
50–75% of sober, detoxified, long term alcohol-dependent individuals suffer from some degree of cog-
nitive impairment, and approx 10% of these are seriously demented (5). The damaging effects of alco-
hol appear to lie on a continuum, with moderate deficits in the majority of long-term alcoholics,
progressing to the much more severe deficits of Wernicke’s disease and Wernicke’s encephalopathy
with Korsakoff’s amnestic syndrome (6,7). A variety of lifestyle factors, including nutrition, are impli-
cated in the more severe cases. However, all deficiencies on the continuum appear to be related to
alcohol consumption and to the amount of alcohol regularly consumed; that is, the most severe damage
is associated with chronic long-term alcoholism (6,7).

2. MORPHOLOGICAL CHANGES

Alcohol-induced changes in the brain have been studied in both humans and rodents. A variety of
postmortem histological analyses as well as supporting imaging analyses suggest that chronic alcohol
exposure changes brain structure (2,3). Computed tomography (CT) and magnetic resonance imaging
(MRI) studies of the human brain have repeatedly shown enlargement of the cerebral ventricles and
sulci in most alcoholics. The enlargement of the ventricles and sulci essentially reflect a shrinking of
the brain mass. This is consistent with studies on postmortem brain tissue, which show that alcoholics
have a reduction in total brain weight relative to controls. Particularly severe alcoholics have signifi-
cant reductions in global cerebral hemisphere and cerebellar mass compared to controls and moderate
drinkers (8). Some of this loss of brain mass is likely the result of actual loss of neurons and the result-
ing loss of myelin sheath white matter, which normally envelops neuronal extensions. However, a por-
tion of this loss in brain mass is likely not to be the result of the actual loss of cells, but to a reduction
in the brain parenchyma (i.e., the size of the cells and their processes). Recent studies have indicated
that within 1–5 mo of recovery from alcoholism and with sustained abstinence, the size of the brain
returns toward normal levels. It is likely that this return involves an increase in neuronal cell size,
arborization, and density of the neuronal processes that make up cellular brain mass, as well as
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increases in the number and size of glial cells (9). Although it is not clear exactly how alcoholism leads
to a reduction in brain weight and volume, it is clear that this does occur during active alcohol abuse
and that some recovery of brain mass does occur during abstinence. More studies are needed to more
clearly understand how chronic alcohol abuse leads to a reduction in brain mass and what occurs dur-
ing recovery of brain mass in abstinence.

The frontal lobes appear to be particularly affected in persons with chronic alcoholism, as first
observed in early neuropathological studies (10) and confirmed more recently with neuropathological
(11) and in vivo neuroradiological studies (12–14). Quantitative morphometry suggests that the
frontal lobes of the human alcoholic brain show the greatest loss and account for much of the associ-
ated ventricular enlargement (15). Specific types of brain cells appear to be affected. Both gray matter,
which is composed largely of neurons, and white matter, which involves neuronal tracks surrounded
by myelin sheaths, appear to decrease. Studies have found that neuronal density in the superior frontal
cortex is reduced by 22% in alcoholics compared to nonalcoholic controls, in contrast to other areas
of the cortex, in which there was no difference between the groups (16). Further, the complexity of the
basal dendritic arborization of layer III pyramidal cells in both superior frontal and motor cortices was
significantly reduced in alcoholics compared to controls. A reduction in dendritic arborization of
Purkinje cells in the anterior superior vermis of the cerebellum is also found in alcoholics. Taken
together, these data demonstrate selective neuronal loss, dendritic simplification, and reduction of
synaptic complexity in specific brain regions of alcoholics. It remains uncertain how these cellular
lesions relate to the selective loss of white matter that appears to occur in frontal lobes. One reason
that these frontal lobe changes are more evident is the greater proportion of white matter to cortical
gray matter in the frontal regions.

Frontal lobe shrinkage has been reported with and without seizures, but recent studies suggest that
temporal lobe shrinkage occurs particularly in individuals with alcohol withdrawal seizure history
(17). Decreases in the amounts of N-acetyl aspartate in the frontal lobe, a measure of neuronal volume
or density, also illustrate frontal lobe degeneration in alcoholics (18). Alcoholics with more severe
brain disorders, such as Wernicke’s and/or Korsakoff’s syndrome, show more reduction in white mat-
ter and more extensive brain-region degeneration, consistent with their greater alcohol consumption.

In addition to the global shrinkage of brain regions, certain key neuronal nuclei that have broad-
ranging functions on brain activity are selectively lost with chronic alcohol abuse. Important regions
altered in alcoholism are the cholinergic basal forebrain nuclei, which are also lost in Alzheimer’s dis-
ease. Animal studies and some human studies have suggested that this region is particularly damaged
in alcoholic subjects. Arendt found a significant loss of neurons in this region in alcoholic Korsakoff’s
psychosis patients (19).

Additional brain nuclei that appear to be particularly sensitive are the locus coeruleus and raphe
nuclei. These two nuclei contain many of the noradrenergic and serotonergic neurons within the brain,
respectively. Although these nuclei are small in size, they are particularly important because their neu-
ronal processes project throughout the brain and modulate global aspects of brain activity. Chemical
studies have shown abnormally low levels of serotonergic metabolites in the cerebral spinal fluid of
alcoholics with Wernicke–Korsakoff syndrome, and more recent morphological studies have found
significant reductions (e.g., 50%) in the number of serotonergic neurons from the raphe nuclei of the
brains of alcoholics compared to controls. Thus, the serotonergic system appears to be disrupted, par-
ticularly in severe alcoholics (20,21). Several studies have also reported significant noradrenergic cell
loss in the locus coeruleus (22–24), although not all studies have found this loss (8). Recent studies
have also indicated that certain neurons that contain the peptide vasopressin may be sensitive to
chronic ethanol-induced neurotoxicity in both rats and humans (25,26). Damage to hypothalamic
vasopressin and other peptide-containing neurons could disrupt a variety of hormone functions as well
as daily rhythms that are important for healthy living. Additional studies are needed to determine
which specific cell groups within the brain might be particularly damaged. Specific neuronal loss in
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small but functionally significant brain areas could result in global changes in attention, mood, and
personality that are difficult to quantify but have a great impact on brain function and overall behavior.

Recent studies have found that long-term ethanol intoxication is not necessary to cause brain dam-
age. Studies in rats show that as little as a few days of intoxication can lead to neuronal loss in several
brain areas, including dentate gyrus, entorhinal, piriform, insular, orbital and, perirhinal cortices and in
the olfactory bulb (27,28) (Fig. 1). These structures are involved in frontal cortical neuronal circuits,
including the limbic and association cortex. These findings are consistent with recent human studies
reporting damage to the entorhinal cortex (31) and significant hippocampal shrinkage (32) in alco-
holics. Hippocampal damage during chronic ethanol treatment has been correlated with deficits in spa-
tial learning and memory (9). Thus, cortical and hippocampal damage occur with chronic ethanol
treatment, and relatively short durations of alcohol abuse may cause some form of damage. Additional
studies are needed to understand the molecular mechanisms involved in selective neuronal death and
the factors that regulate brain-regional sensitivity to ethanol neurotoxicity.

Alcoholics who do not have Korsakoff’s amnestic syndrome show decreased neuropsychological
performance compared to per nonalcoholics on tests of learning, memory, abstracting, problem-
solving, visuospatial and perceptual motor functioning, and information processing (33). Alcoholics

Fig. 1. Binge-drinking-induced brain damage in perirhinal cortex as revealed by amino cupric silver staining.
Shown are two different magnifications of a rat brain stained with amino cupric silver stain to identify damaged
neurons following a 4-d binge ethanol treatment (28). Rats were treated intragastricly with ethanol in a high dose
model of ethanol binge drinking. Brains were sectioned and stained to reveal neuronal damage using the amino
cupric stain of de Olmos (29,30). Shown on the left is a 4× magnification illustrating the edge of the brain and the
perirhinal fissure with significant silver staining in pyramidal cells in that region. On the right at 60× magnifica-
tion, one can clearly see neuronal-like structures revealing that short-term ethanol administration can significantly
damage the brain (28).
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are not only less accurate, but take considerably longer to complete tasks and are differentially vulnera-
ble to these deficits. Many of the deficits appear to recover to age-appropriate levels of performance
over a 4- to 5-yr period of abstinence (33). Although global cerebral mass returns toward normal levels
with extended abstinence, not all cognitive functions return. Some abstinent alcoholics appear to have
permanent cognitive impairments, particularly in memory and visual–spatial–motor skills (34). Other
studies show a loss of logical memory and diminished paired association learning in alcoholics that
may be long-lasting (35). This suggests long-term changes in brain function following chronic alcohol
abuse that likely relate to permanent changes in neuronal plasticity and circuitry.

Electrophysiological studies using brain electroencephalogram (EEG) and early receptor potential
(ERP) have revealed that alcoholics have difficulty differentiating relevant and irrelevant, easy and dif-
ficult, and familiar and unfamiliar stimuli (36). These deficits may be related to frontal cortical func-
tion. One hypothesis regarding the development of alcoholism is that an initial state of
disinhibition/hyperexcitability, perhaps because of low frontal cortical impulse inhibition, is a predis-
position for alcohol abuse leading to dependence (37). Interestingly, these are the same areas damaged
by chronic alcohol abuse, suggesting a cycle where frontal cortical hypofunction promotes further
alcohol consumption, contributing to the progression to addiction (2). Both clinical and experimental
studies show frontal cortical involvement in the neuropsychological dysfunction of alcoholics, particu-
larly those with Korsakoff’s syndrome (38). Functions affected include emotional abilities, disinhibi-
tion, perseverative responding, problem-solving abilities, and attention. It is of note that the prefrontal
cortex, which sends and receives projections from the basal ganglion, may play an important role in
addiction and drug-seeking behavior. Prefrontal damage is typically associated with changes in per-
sonality and elusive cognitive abnormalities. Recent studies have emphasized the role of the prefrontal
cortex in executive cognitive functions (39). Executive cognitive functions are those higher mental
abilities such as attention, planning, organization, sequencing, abstract reasoning, and the ability to
utilize external and internal feedback to adaptively modulate future behavior (40). These abilities are
diminished in alcoholism and other diseases showing prefrontal damage (41), and disruption of these
functions has been implicated in the aggression associated with substance abuse (42). Although these
types of change in brain function are difficult to assess, they are consistent with the morphological
changes found in the frontal cortex, as well as damage to the association cortex in animals shown in
recent studies.

3. ETHANOL, NMDA, AND GABAA RECEPTORS

There is evidence that alcohol-induced neurotoxicity is related to changes in glutamate and GABA
transmission. The major excitatory and inhibitory neurotransmitters in the brain are glutamate and
GABA, respectively. It follows that the ionotrophic glutamate receptors N-methyl-D-aspartate
(NMDA), (RS)-α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), and kainate, and
the GABAA receptors are among the most widely distributed and abundant receptor-operated ion chan-
nels in the central nervous system (CNS). Both NMDA and GABAA receptors are composed of multi-
ple subunit proteins, which are thought to assemble as heteropentameric structures that exhibit distinct
properties depending upon the particular subunit composition. Identified subunits include α1–α6,
β1–β4, γ1–γ4, δ, and ρ1–2 for GABAA receptors, and NR1, NR2A–NR2D, and NR3A for NMDA
receptors. Additional variants of both GABAA and NMDA receptors are generated by alternative splic-
ing (43). There is convincing evidence that excitatory NMDA and inhibitory GABAA receptors are
important sites of action of ethanol. Studies using a variety of tissue preparations (i.e., heterogeneous
neuronal preparations and cells transfected with receptor subunits) demonstrate that pharmacologi-
cally relevant concentrations of ethanol can potentiate GABAA receptor currents and antagonize
NMDA receptor currents (43,44). It is likely that the combination of reduced excitatory glutamate-
mediated activity and enhanced inhibitory GABA-mediated activity contributes to ethanol intoxica-
tion. Brain-regional differences in the ethanol sensitivity of NMDA and GABAA receptors have been
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noted (43,45), leading to the hypothesis that the ethanol sensitivity of native NMDA and GABAA

receptors is determined, at least in part, by the subunit composition of the receptor. This is supported
by studies using recombinant expression systems showing that the ethanol sensitivity of these recep-
tors varies with the particular subunits expressed (43,46), there is considerable evidence that specific
hydrophobic sites of the receptor polypeptides are crucial for modulation of ionotrophic glutamate and
GABAA receptor function by ethanol and volatile anesthetics (47,48). In addition, phosphorylation and
dephosphorylation play an important role in regulating NMDA and GABAA receptors, and second-
messenger phosphorylating systems that directly or indirectly modulate receptor function can be dis-
rupted by ethanol.

4. CHRONIC ETHANOL TOLERANCE

Hyperexcitability of the CNS is a characteristic component of ethanol withdrawal, and there is good
evidence for both a reduction in GABA-mediated inhibitory neurotransmission and an increase in glu-
tamate-mediated excitatory neurotransmission following chronic ethanol exposure. Studies using pri-
mary neuronal cultures have shown that prolonged exposure to ethanol leads to a supersensitization of
NMDA receptor-mediated events, such as Ca2+ influx (49) and Ca2+-dependent processes, including
glutamate excitotoxicity (50), and glutamate–NMDA receptor-stimulated nitric oxide (NO) formation
(51). Similarly, studies with isolated brain preparations have reported that ethanol-mediated enhance-
ment of GABAA receptor-coupled Cl– flux is decreased following chronic ethanol exposure (52). Thus,
chronic ethanol-induced NMDA supersensitivity and GABAA receptor desensitization occur with
chronic ethanol exposure and likely contribute to the hyperexcitability of the alcohol-withdrawal syn-
drome and alcohol neurotoxicity.

There are likely to be multiple mechanisms of chronic ethanol-induced changes in
glutamate–NMDA receptor sensitivity. Several studies have reported increased NMDA receptor
binding and/or subunit protein levels following chronic ethanol exposure both in vitro and in vivo
(53–55), whereas other studies have failed to find any such changes (51,56–58). It has been shown
that exposure of cultured cortical neurons to ethanol leads to enhancement of NMDA–stimulated NO
formation (but not that stimulated by kainate, AMPA or ionomycin) without a change in receptor
density, suggesting that the main factor in chronic ethanol-induced NMDA supersensitivity is related
to posttranslational modification of NMDA receptors (51). Similarly, in cells stably transfected with
GABAA receptor subunits, ethanol was shown to cause changes in GABAA receptor function similar
to those observed in vivo, but no change in surface receptor density (59). This finding is consistent
with previous observations in rats (60) and mice (61) chronically exposed to ethanol. Because the
transfected cells contain defined GABAA receptor subunits with expression controlled by the dexam-
ethasone-sensitive promoter, it is unlikely that ethanol affected subunit expression or produced sub-
unit substitution. Thus, it is possible that posttranslational modification(s) underlie these functional
changes. No change in GABAA receptor density following chronic ethanol exposure has been
observed in the majority of studies. However, changes in GABAA receptor subunit expression in the
brain have been reported, suggesting that subunit changes could play an important role in vivo (62).

Phosphorylation is important in direct and indirect modulation of NMDA receptors and might play
a role in synaptic modifications underlying ethanol tolerance. Tyrosine phosphorylation within the C-
terminal region of NR2 subunits enhances NMDA currents (63–66) and tyrosine phosphatases reduce
NMDA currents (67–69) It is thought that tyrosine kinases and phosphatases participate in a dynamic
process that regulates channel activity. Phosphorylation of tyrosine residues within the C-terminal
region of the NR2 subunit appears to potentiate NMDA currents by reducing tonic inhibition of the
receptor by zinc (70). Calmodulin kinase II has also been reported to phosphorylate the C-terminal
region of NR2 (71), but it is not known how this affects channel function. Phosphorylation of the Cl-
cassette by protein kinase A (PKA) can enhance NMDA receptor function. In the absence of synaptic
activity, it appears that NMDA receptors are phosphorylated by basally active PKA, thus enhancing
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the activity of quiescent receptors (72,73). Ca2+ influx during receptor activation leads to calcineurin-
mediated dephosphorylation and receptor downregulation, which can be overcome by β-adrenoceptor-
mediated stimulation of PKA activity (72). As noted above, protein kinase C (PKC) phosphorylation
of the Cl-cassette can also regulate channel function. Thus, phosphorylation by a variety of kinases can
regulate NMDA receptor sensitivity in ways consistent with ethanol tolerance.

Whether the phosphorylation state of NMDA and GABAA receptors is altered by chronic ethanol
exposure is not yet known. Chronic ethanol can increase both PKC levels and activity (74–78) as well
as induce heterologous desensitization of cAMP signaling with decreased PKA activity (79–81). Some
of these wide-ranging effects of ethanol exposure could relate to changes in subcellular translocation
and localization. Ethanol has been shown to stimulate translocation to the nucleus of the catalytic sub-
unit of PKA, where it remains sequestered for as long as ethanol is present (82), and to stimulate
translocation of PKC-δ and PKC-ε to new intracellular sites (78). Translocation of PKC and PKA
isozymes to subcellular anchoring proteins is thought to be important in targeting specific signaling
events. Furthermore, PKA and calcineurin (protein phosphatase 2B) are concentrated in postsynaptic
densities via a common A-kinase anchoring protein (AKAP79), putting them in position to regulate
phosphorylation and/or dephosphorylation of key postsynaptic proteins (83). Clearly, changes in PKA
and/or PKC activity and subcellular targeting could play an important role in ethanol-induced changes
in synaptic function, including modulation of NMDA and GABAA receptors.

It is estimated that approximately 90% of excitatory glutamatergic synapses in the mammalian
brain occur on dendritic spines. Dendritic spines, proposed to be the primary sites of synaptic plastic-
ity in the brain, contain a pronounced postsynaptic density (PSD) enriched in neurotransmitter recep-
tors and associated signal-transducing proteins. Recent studies have demonstrated the importance of
cytoskeletal elements and scaffolding proteins in anchoring the molecular components within the
PSD. Changes in dendritic spine shape have been correlated with behavioral alterations, such as learn-
ing and memory, and may provide a structural basis for plasticity in the brain. Shape changes can
occur within seconds and are coupled to changes in synaptic activity (84). In particular, AMPA and
NMDA receptor activity is associated with spine dynamics (85). Ethanol may disrupt structural plas-
ticity through alterations in AMPA/NMDA receptor function via direct action on the channels them-
selves or indirectly through changes in synaptic activity (e.g., enhanced GABAergic and decreased
glutamatergic activity). Signaling through Rho GTPases, which regulate the organization of the actin
cytoskeleton, appear to play a key role in regulation of actin-based plasticity of dendritic spines
(86,87). (Fig. 2). Thus, ethanol-induced changes in NMDA responses could be related to changes in
dendritic localization.

Another potentially important process in NMDA and GABAA receptor adaptation during ethanol
exposure is receptor–cytoskeletal interaction (88). NMDA receptor NR2 subunits bind to the PDZ
domains of a family of closely related postsynaptic density proteins (PSDs) [ PSD-95/synapse-associ-
ated protein (SAP)-90, Chapsyn-110/PSD-93, and SAP-102] (89). These proteins appear to function
by transporting receptor proteins to the synapse as well as anchoring them at synaptic sites. PSD-95
proteins can undergo head-to-head disulfide linkage resulting in a multimodular scaffold for clustering
receptors and/or ion channels and coupling receptor–enzyme complexes and receptor–downstream
signaling molecules (90). NMDA receptors are required for activity-dependent synaptic remodeling
during development, and studies in hippocampal cultures have shown that the subcellular distribution
of NMDA receptors is modulated by receptor activity. Chronic treatment with an NMDA receptor
antagonist leads to increased NMDA receptor clustering at synaptic sites. Conversely, spontaneous
activity leads to decreased synaptic NMDA receptor clustering (91). Because studies in primary neu-
ronal cell cultures might more closely model developmental processes, an important question to be
addressed is whether this activity-dependent redistribution of NMDA receptors also occurs in mature
neurons. Whether the functional property of the NMDA receptor itself is altered by clustering and
redistribution (i.e., synaptic versus nonsynaptic) is unknown. Receptor redistribution could represent a
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Fig. 2. A schematic diagram of glutamate-induced signal transduction associated with brain damage. It is
known that excessive glutamate stimulation of NMDA receptors can lead to neuronal death in a form known as
excitotoxicity. Rapid death can occur through osmotic damage. Delayed neuronal death is associated with
excessive NMDA activation, neuronal depolarization, and other glutamate receptor activation, leading to
excessively high levels of calcium that can activate a series of cascades, including oxidative stress and other
mechanisms yet to be revealed, that lead to neuronal death. In addition, less dramatic activation of NMDA
receptors and/or other factors activate a trophic pathway involving tyrosine kinases including the extracellular-
signal regulated kinase–mitogen-activated protein kinase (ERK–MAPKinase) pathway that leads to activation
of neuronal survival genes. Thus, alcohol—by changing NMDA receptor sensitivity—can alter the ratios
between cell-death pathways activated through glutamate NMDA receptors and cell-survival pathways acti-
vated through glutamate NMDA receptors.
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novel form of activity-dependent synaptic modification (plasticity), and prolonged inhibition of the
NMDA receptor during chronic ethanol exposure might also lead to an increase in NMDA receptor
clustering at synaptic sites. This is an intriguing hypothesis that needs testing.

The mitogen-activated protein kinase (MAPK) signaling cascade is one of the most highly con-
served signal-transduction systems in eukaryotes. MAPK comprises three signaling modules that
include the extracllular-signal regulated kinases (ERKs), stress-activated protein (SAP) kinase/jun
N-terminal kinase (JNK), and the p38 kinase pathway. These signaling pathways utilize a small
G-protein that couples to activation of a downstream signaling cassette of sequentially acting kinases
(92). Ras proteins belong to the superfamily of small GTPases that cycle between inactive GDP-bound
states and active GTP-bound states and represent a point of convergence for the transduction and inte-
gration of many extracellular signals (93). Ras activity is regulated through activation of guanine
nucleotide exchange. Ras–GTP activates the serine/threonine kinase Raf-1 by a complex and poorly
understood mechanism that involves its recruitment to the membrane. In addition, Raf-1 has multiple
phosphorylation sites that can promote both activation and inhibition. Raf-1 activation initiates a
kinase cascade that involves activation of the dual-specificity kinase MAPK/ERK (MEK) that, in turn,
activates ERK1 and ERK2 (ERK1/2). Activated ERKs phosphorylate cellular substrates and/or
translocate to the nucleus where they regulate transcription of genes critical in proliferation, differenti-
ation, and survival in non-neuronal cells. In neurons, increases in intracellular calcium can activate
Ras–ERK signaling, and calcium-dependent NMDA receptor-mediated ERK activation appears to
play an important role in NMDA-associated synaptic plasticity and survival (94). Chronic ethanol
treatment alters both NMDA receptor sensitivity and activation of ERK cascades through phosphoryla-
tion of ERK (Fig. 3). In other examples, NMDA-dependent hippocampal long-term potentiation (LTP)
is associated with activation of ERK and is blocked by compounds that inhibit the ability of MEK to
activate ERK (95). ERK activation has also been shown to be required for hippocampal dependent-
associative learning, and Ras–GRF knockout mice display impaired amygdala-dependent memory
consolidation (96,97). Ras–ERK signaling is also associated with regulation of dendrite outgrowth and
refinement of neuronal processes. Thus, ERK and other tyrosine kinases can be activated by NMDA
receptor-stimulated calcium flux.

Other signaling molecules that have gained attention of late are the lipid kinase phosphoinositol 3
kinase (PI3K), and its downstream target, protein kinase B (PKB). The PI3K pathway consists of a
heterodimer of a regulatory subunit (P85) and a catalytic subunit (p110). Activation of PI3K protects
cells from apoptosis and is thus considered a survival signal (98). Although the lipid products pro-
duced by PI3K can stimulate multiple kinases, its antiapoptotic signal is thought to be mediated
through activation of PKB. A number of substrates have been identified for PKB, including the apop-
totic protein Bad, the forkhead transcription factor FKHRL1 (a transcriptional regulator of many
proapoptotic proteins), glycogen synthase kinase-3 (Gsk3), caspase-9, CREB, IκB-kinase-α (IKKα),
and nitric oxide synthase (NOS). Phosphorylation by PKB is often associated with negative regulation
by promotion of binding to the protein 14-3-3. Phosphorylation of Bad and FKHRL1 creates a recog-
nition binding site for 14-3-3, which leads to their sequestration upon binding 14-3-3. However, some
PKB-mediated inactivations do not involve sequestration by 14-3-3 (such as caspase-9 and Gsk3), and
still other substrates are not inactivated by PKB (such as CREB). A number of recent studies have shed
light on the fact that a great deal of crosstalk exists between ERK and PKB signaling systems.
PI3K–PKB activation is frequently observed to be dependent on Ras activation, and Ras may represent
a point of convergence for upstream signals that couple to activation of Raf/ERK and PI3K/PKB. In
addition, recent studies have shown that PKB can regulate Raf/ERK signaling, apparently through
PKB-mediated phosphorylation of Raf-1 on Ser259 (99). Interestingly, recent evidence suggests that
PI3K–PKB activation may also be coupled to NMDA receptor activation.

As discussed earlier, NMDA receptors are major targets of ethanol and appear to play a central role
in the effects of acute and chronic ethanol on brain function. Acute ethanol exposure inhibits NMDA



Fig. 3. Hippocampal damage and MAPKinase phosphorylation following binge ethanol treatment of rats (see
ref. 28 for details). Shown are sections of hippocampus revealing neuronal damage through amino cupric silver
staining and phospho-MAPKinase. (e.g., ERK1/2) through immunohistochemistry using phospho-MAPKinase
specific antibodies. Phosphorylation of MAPK–ERK1/2 leads to activation of tyrosine-kinase-mediated neuronal
survival–plasticity signals. This figure illustrates how chronic ethanol dependence leads to activation of cell-death
pathways and activation of phospho-MAPKinase pathways in similar portions of the hippocampus. Shown is a
section of hippocampus with dorsal and ventral (temporal hippocampus) areas. The ventral section here (temporal
hippocampus) shows significant brain damage as visualized by silver stain in the upper image (see insets with
higher magnification). Less significant amino cupric silver staining cell death is seen in the dorsal hippocampal
regions. In the lower image, immunohistochemistry from phospho-MAPKinase also shows a gradient of increased
phospho-MAPKinase presence in the ventral dentate gyrus, temporal hippocampal dentate gyrus, as opposed to
the more dorsal or upper regions of the hippocampus. Thus, with chronic ethanol treatment, cellular death path-
ways and cellular survival pathways appear to be activated in similar areas consistent with both signals being
related to ethanol-induced NMDA supersensitivity.
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stimulation of ERK and PKB in vitro (100,101), whereas chronic ethanol exposure has been reported
to enhance ERK and PKB activation in vitro (100) and ERK in vivo (Fig. 3). In addition, as discussed
below, expression of several growth factors and their receptor tyrosine kinases that couple to ERK and
PKB activation are altered by prolonged ethanol exposure. Thus, disruption of ERK and PKB signal-
ing by ethanol may play a key role in ethanol-related neuropathology and ethanol-induced alterations
in neurocircuitry and neuroplasticity of the developing and adult brain.

5. GLUTAMATE RELEASE AND ETHANOL DEPENDENCE

In addition to the NMDA supersensitivity that occurs during chronic ethanol treatment and likely
contributes to the hyperexcitability of ethanol withdrawal, ethanol also alters extracellular glutamate
levels. Acutely ethanol tends to lower CNS extracellular glutamate levels consistent with NMDA
receptor antagonism by ethanol (102,103). In alcohol-dependent rats, extracellular levels of glutamate
return to control levels. However, during withdrawal, there is a threefold increase in the levels of extra-
cellular glutamate that corresponds in time with the progression of the ethanol-withdrawal syndrome
(104–106). Thus, it is likely that the hyperexcitability of the ethanol-withdrawal syndrome involves
contributions from supersensitive NMDA receptor responses, increases glutamate release, and blunted
GABA inhibitory responses.

6. NEUROTROPHIC FACTORS

Neurotrophins are small protein growth factors that have profound influences upon the develop-
ment, survival, regulation of function, and plasticity of neurons. The neurotrophin family includes
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4/5. Although the members of the neurotrophin family are 50–55% homologous, the dif-
ferent neurotrophins promote survival of distinct sets of neurons through distinct receptors. For exam-
ple, sympathetic neurons respond to NGF and NT-3 but not to BDNF (107), whereas dopamine
neurons respond to BDNF and NT-3, but not to NGF (108). All members of the neurotrophin family
bind to a low-affinity receptor, p75, and each member binds to a high-affinity trk tyrosine kinase recep-
tor. Signal transduction involves both tyrosine kinase signals as well as internalization and transport of
the neurotrophin–receptor complex. Because neurotrophins contribute both to the survival of neurons
as well as resistance to toxicity, ethanol-induced changes in neurotrophin levels and/or function could
contribute to ethanol-induced neurotoxicity.

Much of the present research on chronic ethanol-induced toxicity and the protective effects of
trophic factors have focused on the neurons in the hippocampus and septohippocampal pathways,
of which the cholinergic and GABAergic neurons have been shown to be susceptible to neuronal
loss and atrophy (19,109–113). These neurons are known to require neurotrophins for normal func-
tion and survival. Arendt and colleagues found that 28 wk of ethanol liquid diet (20% v/v)
decreased choline acetyltransferase and other cholinergic-specific neuronal markers by 60–80%.
However, the reduction in the number of neurons expressing the nerve growth factor receptor com-
ponent p75 was only reduced 20–30% (22). In contrast to reduced neurotrophin receptors, NGF
mRNA was significantly increased throughout the brain, with pronounced increases in the hip-
pocampus, where chronic ethanol treatment increased NGF mRNA approximately twofold (114).
Increased NGF expression is known to occur in response to traumatic brain injury (115,116). The
increased NGF mRNA levels following chronic ethanol treatment may be the result of neuronal
damage induced by ethanol exposure. Arendt et al. (114) observed increased NGF mRNA levels up
to 4 wk after being removed from the ethanol diet, which is consistent with a long-term alteration in
NGF expression in response to ethanol neurotoxicity. Although increased NGF mRNA levels were
associated with dendritic remodeling, the expression of choline acetyltransferase remained
decreased. Assuming increased NGF translation, this suggests that the increased NGF level is not
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robust enough to completely restore choline acetyltransferase expression in chronic ethanol-dam-
aged rat brain (114). These studies suggest that chronic ethanol-induced damage induced NGF
expression. Walker’s group (117) reported that 28 wk of chronic ethanol diet causing septohip-
pocampal damage does not change immunoreactive NGF levels or NGF mRNA when animals are
sacrificed just after ethanol has cleared from the blood. Interestingly, a third study has found that
chronic ethanol treatment of rats leads to elevated NGF content in the hippocampus after 2- or 4-wk
exposures, but not after 12-wk exposures (118). Nine months of ethanol liquid diet treatment
decreased sciatic nerve NGF by 54% but had no effect on NGF content of the iris, superior cervical
ganglion, trigeminal ganglion, or submandibular ganglion (119). Taken together, these studies sug-
gest that NGF levels increase under certain conditions in response to tissue injury, but not suffi-
ciently to correct chronic ethanol-induced damage to the septohippocampal pathways.

Although NGF levels were either unchanged or increased following chronic ethanol treatment,
chronic ethanol exposure decreased both neuronal survival (–25%) and neurite-outgrowth (–50%)
activities of hippocampal extracts relative to controls, assessed using neuronal culture bioassays (120).
At least 21 wk of chronic ethanol treatment were required to reduce neurotrophic activity within the
hippocampus. After 28 wk of chronic ethanol treatment, both neurotrophic activity levels and morpho-
logical changes resulting from ethanol were found in the septal and hippocampal areas (111,112), sug-
gesting that there may be a relationship between damage and loss of trophic activity. Measurement of
mRNA for NT-3, bFGF, and BDNF indicated that only BDNF mRNA appeared to be reduced by
21–28 wk of chronic ethanol treatment (121,122). The loss of BDNF during chronic ethanol treatment
likely plays a role in chronic ethanol-induced damage to the septohippocampal pathway (121,122).

Growth factors and NMDA receptors are linked in a number of ways. Growth factors have been
found to reduce neuronal sensitivity to NMDA excitotoxicity and oxidative radical formation (123). In
contrast, sublethal NMDA stimulation has been shown to have a protective effect on survival of cere-
bellar granule cells by inducing BDNF (124,125). BDNF, through a tyrosine kinase mechanism, can
actually enhance NMDA receptor responses (126). Ethanol-induced blockade of NMDA receptors
during chronic administration could contribute to decreased BDNF expression and increased neuro-
toxicity (124). BDNF has been shown to increase the survival of both dopamine neurons (127,128) and
serotonin neurons (129); therefore, loss of BDNF would have a deleterious effect on these neuronal
populations. For example, in neuronal cultures treatment with NMDA for a short period of time actu-
ally increased the density of dopamine neurons, consistent with sublethal NMDA stimulation having a
trophic effect (130). However, pretreatment of neuronal cultures with ethanol for 2 d followed by
ethanol removal, simulating ethanol withdrawal, resulted in an NMDA neurotoxic response to
dopaminergic and serotonergic neurons (131). These results are consistent with other studies showing
that chronic ethanol can cause supersensitive NMDA excitotoxicity (50,132). The addition of BDNF to
the culture protected against ethanol-induced sensitization to NMDA excitotoxicity in dopamine neu-
rons (131). Chronic ethanol exposure has been found to reduce brain levels of BDNF (121,122). Thus,
a mechanism of ethanol neurotoxicity includes reductions in BDNF production sensitizing neurons to
insults, including NMDA excitotoxicity.

Receptors for the growth factors are also modified by chronic ethanol treatment. Studies have found
that chronic ethanol exposure can decrease levels of p75 neurotrophin receptors (22,133). In contrast,
chronic ethanol treatment of rats for 28 wk has been found to increase trk B-like protein expression,
suggesting an upregulation of BDNF receptor response elements, perhaps as a compensatory reaction
to the decrease in BDNF levels (121). Other studies have found ethanol disruption of neuronal calcium
that can be reversed by NGF (134). Ethanol has also been reported to disrupt tyrosine kinase signaling
of insulin growth factor receptors (135). Thus, the interaction of ethanol with growth factors could
play a key role in ethanol neurotoxicity. The study of growth factor action and its role in ethanol-
induced brain damage represents an exciting new area of research with tremendous potential to pro-
vide new approaches to the treatment of neurodegeneration.
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7. SUMMARY AND CONCLUSIONS

Human and animal studies have clearly established that chronic alcohol intake causes a loss of
brain mass as a result of ethanol-induced brain damage. Although human studies show loss of brain
tissue and the loss of specific brain nuclei after years of alcohol consumption, recent animal studies
have indicated that neuronal loss can occur after only a few days of binge drinking. The neuropathol-
ogy in humans involves both gray and white matter, whereas the animal studies have focused on neu-
ronal loss (e.g., gray matter). It is possible that long-term animal studies could confirm the human
findings. Alcohol-induced neuropathology is associated with the loss of some cognitive functions,
including the executive functions associated with the frontal cortex. Neuropathology and the loss of
executive functions, including impulse inhibition and goal setting, could contribute to the develop-
ment of alcohol dependence.

Ethanol-induced brain damage appears to be secondary to changes in glutamate and GABA trans-
mission. Acute ethanol exposure inhibits NMDA receptors and reduces extracellular glutamate, which
could reduce NMDA trophic signaling through tyrosine kinases. Chronic ethanol exposure leads to
NMDA supersensitivity because of changes in the receptor response. Although some reports have
found an increase in NMDA receptor number, more studies have shown supersensitive NMDA
responses in the absence of more receptors. Nor do models of alcohol dependence show increased
NMDA receptor density. This suggests that other mechanisms of NMDA supersensitivity are involved
in this adaptive response to ethanol. The supersensitive NMDA response includes chronic ethanol-
induced supersensitivity to NMDA excitotoxicity. NMDA supersensitivity combined with increased
extracellular glutamate during ethanol withdrawal are likely contributors to ethanol neurotoxicity.
Blunting of GABA inhibitory responses would be expected to enhance neurotoxicity, as would the loss
of trophic signals. The loss of BDNF and other trophic signals during chronic ethanol treatment can
sensitize cells to NMDA toxic insults. Thus, the combination of NMDA supersensitivity, increased
extracellular glutamate, GABA blunting, and loss of trophic signals are likely factors in ethanol-
induced neurotoxicity. Unique aspects of these factors in combination probably contribute to specific
brain-region sensitivity. Although additional studies are needed to determine the exact role of brain-
region-specific ethanol neurotoxicity and its relationship to the development of alcohol dependence, it
is clear that glutamate plays a significant role in ethanol neurotoxicity.
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Role of Glutamate in Alcohol Withdrawal Kindling
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1. INTRODUCTION

It is well known that continued excessive alcohol consumption can lead to the development of phys-
iological dependence. When drinking is abruptly terminated or substantially reduced in the dependent
individual, a characteristic withdrawal syndrome ensues. As with other central nervous system (CNS)
depressants, withdrawal symptoms associated with cessation of chronic alcohol use are opposite in
nature to the effects of intoxication. Thus, clinical features of alcohol withdrawal include signs of
heightened autonomic nervous system activation (e.g., tachycardia, elevated blood pressure, diaphore-
sis, tremor), CNS hyperexcitability that may culminate in motor seizures, and, in its most severe form,
hallucinosis and delerium tremens (1–3). In addition to physical signs of withdrawal, a constellation of
symptoms contributing to psychological discomfort (e.g., irritability, agitation, anxiety, dysphoria)
constitute a significant component of the withdrawal syndrome (4–7). The overall intensity of the
withdrawal syndrome is presumed to reflect the degree of physiological dependence developed during
the course of chronic alcohol use/abuse.

Although a number of factors have been shown to influence the development and expression of
alcohol dependence, the amount, duration, and pattern of alcohol consumption appear to play a critical
role in influencing the intensity of withdrawal symptoms (8). Alcoholism and alcohol abuse often are
characterized by frequent bouts of heavy drinking interspersed with periods of abstinence. Thus, it is
not uncommon for many alcoholics to experience multiple episodes of withdrawal during the course of
the disease (9). It has been suggested that repeated experience with alcohol may render individuals
more vulnerable and susceptible to more complicated and severe withdrawal episodes in the future.
Furthermore, the progressive intensification of withdrawal symptoms that results from repeated with-
drawal experience has been postulated to represent the manifestations of a “kindlinglike” phenome-
non. This chapter will provide an overview of this “kindling” hypothesis of alcohol withdrawal, as
well as review experimental evidence suggestive of an important role for glutamate neurotransmission
in mediating this phenomenon and related consequences.

2. THE KINDLING HYPOTHESIS OF ALCOHOL DEPENDENCE 
AND WITHDRAWAL

The term “kindling” was first introduced by Goddard et al. (10) and refers to the phenomenon
wherein subthreshold electrical stimulation of discrete brain regions that initially produces no overt
behavioral effects comes to produce, upon repeated periodic application, full motor seizures. It subse-
quently has been demonstrated that the stimulus may be chemical in nature as well (i.e., repeated sys-
temic or central administration of subthreshold doses of various chemoconvulsants will come to
produce full motor seizures). Enhanced brain excitability and susceptibility to behavioral convulsions
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resultant from this kindling process has been shown to be long-lasting and thought to be most likely
reflective of long-term changes in neuronal circuitry and function (11).

Extending this kindling phenomenon to alcohol withdrawal, it has been postulated that each
episode of CNS hyperexcitability that normally accompanies alcohol withdrawal may serve as a stim-
ulus supportive of a “kindling” process. Thus, although episodes of heavy drinking may not initially
result in serious, or even noticeable, withdrawal symptoms, repeated experience with this pattern of
excessive alcohol intoxication followed by periods of interrupted drinking (abstinence) may lead to a
worsening of future withdrawal-related symptoms. This kindling or sensitization process then may
underlie the commonly observed progression of withdrawal symptoms, from relatively mild responses
characteristic of initial withdrawal episodes (irritability, tremors) to more severe symptoms associated
with subsequent withdrawal syndromes, such as seizures and delirium tremens (12).

A substantial body of clinical and experimental evidence has accumulated in support of the “kin-
dling” hypothesis of alcohol withdrawal (13–15). Clinical studies have revealed that alcoholics with a
history of multiple previous detoxifications are more likely to experience a seizure during detoxifica-
tion than patients without such detoxification histories (16–20). Additionally, a history of previous
detoxifications was found to be associated not only with more severe and medically complicated with-
drawal syndromes but also with an increased likelihood of hospital readmission for alcohol-related
problems (16). More recently, clinical studies have revealed that a history of multiple detoxifications is
associated with abnormal regional brain activity (21), as well as greater resistance to treatment and
enhanced susceptibility to relapse (22,23).

Animal models have provided critical support for these findings, where multiple detoxifications
are studied in models of repeated alcohol “withdrawals.” For example, we have established a mouse
model of alcohol dependence that is sensitive to the effects of a prior withdrawal experience (24).
Mice experiencing repeated cycles of alcohol intoxication and withdrawal exhibit a significantly
more severe withdrawal seizure response in comparison to animals tested following a single-with-
drawal episode. Both intensity and duration of exacerbated withdrawal seizures were found to be
positively correlated with the number of previously experienced withdrawal episodes (25,26). This
sensitized withdrawal seizure response was observed even when the total amount of alcohol expo-
sure was equated across groups (24,27). Importantly, the differential withdrawal response among
groups with different histories of withdrawal experience does not appear to be related to an alter-
ation in alcohol pharmacokinetics; that is, both peak blood alcohol levels and rate of alcohol elimi-
nation did not differ between animals following single or multiple cycles of alcohol intoxication
and withdrawal (25).

Other studies employing different experimental procedures have similarly demonstrated an increase
in the severity of alcohol-withdrawal symptoms following prior withdrawal experience (28–32).
Although this “kindling” or sensitization of alcohol withdrawal has primarily focused on withdrawal-
related CNS hyperexcitability (e.g., seizures), there is some evidence that other aspects of the with-
drawal syndrome (e.g., anxiety) may be susceptible to this kindling phenomenon as well (33).

Exacerbated behavioral symptoms (i.e., indices of CNS hyperexcitability) observed in animals that
experienced repeated episodes of withdrawal have been shown to be accompanied by progressively
greater changes in EEG, including bursts of spike activity that reverberate among several brain
regions, as well as abnormal patterns of epileptiform activity in specific brain regions (34–37). In fact,
electrical activity in some brain regions (as measured by electroencepalography [EEG]) may be partic-
ularly sensitive to repeated withdrawal experience, whereas activity of other brain sites may be more
responsive to total amount of alcohol exposure prior to withdrawal (35). In addition, multiple-with-
drawal experience has been shown to result in more intense changes in brain local metabolic activity
(38) and neuroendocrine responses (15), as well as cognitive/memory impairments (39) and suscepti-
bility to neurotoxicity (40). There is also some evidence suggesting cross-sensitization between alco-
hol withdrawal and other forms of kindling. For example, animal studies have shown that prior
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electrical or chemical kindling potentiates the symptoms of subsequent alcohol withdrawal (30,41).
Conversely, repeated experience with alcohol withdrawal has been reported to subsequently alter the
development of electrical kindling in various brain structures (42–45).

Taken together, both preclinical and clinical studies have provided corroborating evidence support-
ive of the kindling hypothesis of alcohol withdrawal. The significance of this collective body of evi-
dence is that, in addition to the amount (dose) and duration of alcohol consumption prior to
withdrawal, a history of previous withdrawal experience appears to represent a critical factor that con-
tributes to the severity of a given withdrawal episode.

3. ROLE OF GLUTAMATE IN ALCOHOL WITHDRAWAL KINDLING

Mechanisms underlying alcohol withdrawal sensitization or “kindling” are not well understood. In
fact, the terms “sensitization” and “kindling” are used interchangeably here to describe observed exac-
erbation of withdrawal signs (noted in both clinical and preclinical studies) rather than infer a particu-
lar mechanism, per se. Both neuroadaptive changes in response to alcohol exposure as well as changes
unique to withdrawal from alcohol most likely play a joint role in the final expression of the phenome-
non (15,46). Furthermore, mechanisms underlying the development of withdrawal kindling or sensiti-
zation may be distinct from those critical for expression of the phenomenon. Experimental work in
recent years is beginning to elucidate neural substrates involved in the complex and dynamic changes
in brain function associated with multiple-withdrawal experience.

It is well documented that excessive alcohol consumption results in neuroadaptive changes in many
neurochemical systems. These compensatory neurochemical alterations are thought to mediate, to
varying extents, the myriad of withdrawal symptoms (47,48). A hallmark feature of alcohol with-
drawal is CNS hyperexcitability, which reflects a general imbalance in brain function characterized by
reduced inhibitory neurotransmission along with enhanced excitatory neurotransmission (49). Adap-
tive changes in numerous neurochemical systems most likely contribute to this resultant general state
of CNS hyperexcitability. Presumably, changes in any number of these systems that progressively
intensify with each successive withdrawal occurrence may contribute to a persistent hyperexcitable
state that is manifested as an augmented withdrawal response. The magnification or accrual of neu-
roadaptive changes over several withdrawal episodes may reflect a kindling process. Thus, through this
kindling-like mechanism, it is postulated that the brain is rendered hyperexcitable, such that subse-
quent bouts of intoxication may result in exaggerated withdrawal reactions.

3.1. NMDA Glutamate Receptors and Alcohol Withdrawal
Among many candidate neurochemical systems that are responsive to chronic alcohol exposure, a

great deal of attention has focused on the role of glutamate-mediated excitatory neurotransmission.
Much of this work has focused on the ionotropic N-methyl-D-aspartate (NMDA) glutamate receptor
subtype. Whereas acute alcohol inhibits NMDA receptor function, chronic alcohol exposure has been
shown to result in glutamatergic hyperfunction, possibly a result of an upregulation of NMDA receptor
density and/or functional activity (for reviews, see refs. 48 and 50–53). Several studies have reported
an increased number of NMDA receptor-binding sites following chronic in vivo or in vitro alcohol
exposure (54–58), although this outcome has not been universally observed (59,60). In some cases
(61,62), but not others (63,64), increased glutamate binding has been reported in brain from alcoholic
patients, as well. Amount of alcohol exposure, the radioligand employed, and brain-regional differ-
ences most likely account for the reported discrepancies.

Chronic alcohol exposure also produces changes in the assembly of subunits that define various
isoforms of NMDA receptors. Both in vivo and in vitro chronic alcohol treatments have been shown
to increase mRNA and polypeptide levels for the NR1, NR2A, and NR2B NMDA receptor sub-
units. However, results have been inconsistent regarding selective changes, and the pattern of
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results may depend on regional differences as well as gender differences (65–75). Congruent with
these biochemical and molecular findings, electrophysiological studies involving chronic alcohol
exposure and ex vivo or in vitro analysis of hippocampal slices provide further support for a role of
NMDA receptors in neural hyperexcitability associated with alcohol withdrawal (76,77). Finally,
additional support for a role of NMDA receptors in alcohol withdrawal comes from studies showing
that competitive (78,79), uncompetitive (54,80,81), and noncompetitive (82) NMDA receptor
antagonists are effective in reducing the severity of alcohol-withdrawal seizures. Conversely, sys-
temic as well as direct (intrahippocampal) administration of NMDA itself during alcohol with-
drawal increased the severity of withdrawal-related seizures (54,83). Thus, there is ample evidence
to suggest that changes in excitatory neurotransmission mediated through NMDA receptors play a
prominent role in alcohol dependence and the expression of withdrawal symptoms.

3.2. Role of NMDA Glutamate Receptors in Alcohol Withdrawal Kindling
Aside from the aforementioned neuroadaptive changes exhibited by NMDA receptors following

chronic alcohol exposure, there is additional reason to suspect that alterations in NMDA receptor func-
tion may represent and important neural substrate underlying sensitization or kindling of alcohol with-
drawal. It is well documented that NMDA receptors, and glutamate neurotransmission in general, play
a prominent role in various forms of neural plasticity (84). This includes synaptic plasticity events
such as long-term potentiation/depression (85,86) and epileptiform activity (87,88). Of particular sig-
nificance is that NMDA receptors are involved in various sensitization and chemical kindling models
of epilepsy (89–92). There is also some evidence for changes in NMDA receptor function following
repeated alcohol withdrawal exprience.

Several studies have reported enhanced behavioral sensitivity to NMDA in animals with multiple
alcohol withdrawal experience. For example, our laboratory examined whether sensitivity to the con-
vulsant properties of NMDA is altered as a function of withdrawal history. Mice were chronically
exposed to alcohol vapor in inhalation chambers, where stable blood alcohol levels were maintained
during the course of intoxication (165–185 mg/dL). One group received four cycles of 16 h alcohol
exposure separated by 8 h periods of withdrawal, a second group was tested after a single 16 h bout of
exposure, and a third group was maintained in control (air) chambers, serving as ethanol-naive con-
trols. The mice were assessed for handling-induced convulsions after being injected with NMDA (15
mg/kg; ip) at various time-points following either a single or fourth withdrawal from chronic alcohol
exposure. As illustrated in Fig. 1, NMDA-induced seizures were significantly more severe in the mul-
tiple-withdrawal group compared with controls as well as animals tested after a single withdrawal.
Enhanced sensitivity to the convulsant effects of NMDA was apparent at the time of withdrawal (when
mice were still intoxicated), at peak withdrawal (8 h postwithdrawal), and at a more remote time point
(24 h) when behavioral expression of seizure activity is typically similar among single- and multiple-
withdrawal groups.

Similar results have been obtained in a separate study in which seizure threshold dosage after intra-
venous NMDA infusion was determined in mice with single- or multiple-withdrawal experience (93).
At both 8 and 24 h postwithdrawal, the NMDA seizure threshold dosage was significantly lower in ani-
mals with multiple-withdrawal experience in comparison to those that were tested following a single-
withdrawal episode. Furthermore, relative to single-withdrawal and control groups, decreased latency
and reduced NMDA dosage were required for multiple-withdrawal mice to transition from initial signs
of seizure activity (myoclonus) to more severe end-stage (tonic/clonic) convulsions (93). In another
study involving chronic administration of alcohol in liquid diets, direct injection of NMDA in the infe-
rior colliculus reduced the amount of electrical stimulation necessary to elicit a seizure in rats that
experienced multiple (10) prior withdrawal episodes compared to controls (94). Thus, there is some
evidence to suggest that enhanced sensitivity to the neuroexcitatory/convulsant properties of NMDA
results from multiple-alcohol-withdrawal experience.



Fig. 1. Effects of NMDA on handling-induced convulsions (HIC) during alcohol withdrawal in mice with dif-
ferent withdrawal histories. Data are presented as mean ± S.E.M. HIC score for each group. MW: multiple-with-
drawal group; SW: single-withdrawal group; C: alcohol-naive controls (see text for details of treatment). All mice
were injected (ip) with vehicle (saline) or NMDA (15 mg/kg) at a time corresponding to 4 h (top panel), 8 h (mid-
dle panel), and 24 h (bottom panel) following the final (fourth) withdrawal cycle for the MW condition. HIC
severity was determined by scoring the responses 5 min after injections on a scale ranging from 0 to 7. *Signifi-
cantly differs from SW and C groups (p < 0.05); †significantly differs from corrsponding vehicle-injected group
(p < 0.05).
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Additional support for the notion that altered NMDA receptor function may underlie sensitiza-
tion or kindling of alcohol withdrawal comes from studies demonstrating that pharmacological
antagonism of NMDA receptors during early withdrawals may influence the severity of subsequent
withdrawal episodes. In our model of repeated withdrawals, dizocilpine (MK-801; 0.1–0.6 mg/kg)
was found to significantly reduce alcohol-withdrawal seizures in a dose-dependent manner when
administered at the beginning of each of three successive withdrawal episodes. This resulted in a
dose-dependent attenuation of seizure activity during a fourth untreated withdrawal cycle (95).
Similarly, as shown in Fig. 2, MK-801 treatment of early withdrawals was found to reverse the
reduction in NMDA seizure threshold dosage exhibited during a subsequent (untreated) withdrawal
episode in mice with multiple-withdrawal experience. However, as a note of caution, although
repeated MK-801 treatment for multiple alcohol withdrawals attenuated the early phase of a later

Fig. 2. Effects of treating early alcohol withdrawals with MK-801 on sensitivity to NMDA-induced seizures
during a subsequent untreated withdrawal episode. Data are presented as mean ± S.E.M. latency (top) and thresh-
old dosage (bottom) for NMDA-induced clonic seizures. Multiple-withdrawal (MW) groups were injected (ip)
with either vehicle (saline) or MK-801 (0.3 mg/kg) at 1 h into each of the first three successive withdrawal cycles.
Alcohol-naive controls were given saline injections at the equivalent times. No injections were given on the last
(fourth) withdrawal episode. At 8 h following final withdrawal, latency and threshold dosage required for elicit-
ing clonic seizures were determined following iv infusion of NMDA (15 mg/mL; 0.28 mL/min). *Significantly
differs from both Control and MW/MK-801 groups (p < 0.05).
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untreated withdrawal episode (1–10 h postwithdrawal), this treatment also resulted in an exacerba-
tion of seizure activity at later time-points (10–72 h postwithdrawal) (95). A similar pattern of
results was reported when the competitive NMDA receptor antagonis CGP-39551 was administered
chronically during the course of alcohol exposure (78). This suggests that repeated (chronic) use of
these antagonists for alcohol dependence may increase adaptive changes in NMDA receptors that
ultimately contribute to withdrawal-related hyperexcitability.

Evidence for a role of increased NMDA receptor density in alcohol withdrawal sensitization has
been mixed. Repeated bouts of heavy alcohol intoxication interspersed by periods of withdrawal did
not significantly alter the number of [3H]MK-801-binding sites in the various regions of rat brain (96).
However, a small increase in [3H]MK-801-binding sites in the hippocampus and entorhinal cortex was
observed in the multiple-withdrawal group that evidenced seizures during prior withdrawal episodes in
comparison to multiple-withdrawal rats that did not exhibit such spontaneous seizure activity. In our
mouse model of repeated alcohol withdrawals, the density of [3H]MK-801-binding sites did not signif-
icantly differ from controls in hippocampus or cortex (unpublished data). In an in vitro model of
chronic intermittent alcohol exposure, an upregulation in [3H]MK-801 binding was reported 1 wk fol-
lowing final withdrawal (97). This persistent increase in number of NMDA receptors was accompa-
nied by an increase in the ability of NMDA to stimulate calcium influx in cultured cortical neurons.
Different results regarding changes in NMDA receptor density following repeated alcohol withdrawal
may depend on the method and intensity of chronic alcohol exposure. Alcohol withdrawal sensitiza-
tion also may be associated with changes in the subunit composition of NMDA receptors, which may
not be revealed by radioligand-binding studies but, rather, impact on receptor function. Such investiga-
tions are currently be conducted by a number of laboratories.

3.3. Non-NMDA Glutamate Receptors and Alcohol Withdrawal Kindling
Although studies investigating the role of metabotropic glutamate receptors in alcohol actions are

rather limited, an emerging body of evidence suggests that non-NMDA ionotropic glutamate receptors
(α-amino-3-hydroxy-5-methyl-4-isoxazole propronic acid [AMPA]/kainate receptors) may contribute
to both acute and chronic effects of alcohol (50,98). In addition, AMPA/kainate receptors are known to
play a significant role in various forms of neuroplasticity (85,87,99). Thus, there is some basis upon
which to suspect that these non-NMDA glutamate receptor systems may play a role in mediating kin-
dling or sensitization of alcohol withdrawal.

Alcohol inhibits glutamate-mediated excitatory transmission through AMPA/kainate receptors in a
complex fashion, dependent on numerous factors (98). Whereas in vitro studies have demonstrated
neuroadaptation to these effects, the effects of chronic in vivo alcohol treatment on AMPA/kainate
receptors have been mixed. For example, chronic alcohol exposure did not alter [3H]kainate binding in
hippocampus or cortex (58), and expression of GluR1 and GluR2 levels was not altered in various
brain regions (75). On the other hand, rats undergoing alcohol withdrawal were reported to exhibit
enhanced sensitivity to the convulsant properties of kainate (57).

Few studies have examined whether changes in non-NMDA glutamate receptors accompany
enhanced CNS hyperexcitability associated with repeated alcohol withdrawals. In one study, repeated
cycles of heavy intoxication and withdrawal in rats resulted in no changes in [3H]kainate binding, but the
density of [3H]AMPA-binding sites was decreased in several brain regions (96). This latter effect was
suggested to reflect a possible compensatory response to augmented CNS hyperexcitability. In another
study, although mice with multiple-withdrawal experience were found to exhibit enhanced sensitivity to
NMDA (reduced seizure threshold dosage), the seizure threshold dosage for kainate was significantly
elevated (93). Whether this blunted sensitivity to the convulsant properties of kainate represents a com-
pensatory response in these mice is unclear. However, because multiple alcohol withdrawal experience
does not appear to uniformly alter sensitivity to all chemoconvulsants, this suggests that exacerbated
seizure activity exhibited by animals with such repeated withdrawal experience may not reflect a global
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non-specific heightening of neural excitation. Additional studies will be needed to more clearly define
the role of AMPA/kainate receptors in the alcohol-withdrawal kindling phenomenon.

4. GLUTAMATE AND ALCOHOL WITHDRAWAL KINDLING: 
IMPLICATIONS FOR NEUROTOXICITY

A dangerous consequence of alcohol withdrawal kindling relates to alcohol-induced neurotoxcity.
It has been suggested that multiple alcohol withdrawal experience may render individuals more vul-
nerable to neurological damage and associated congnitive impairments (13,15). There is both preclini-
cal and clinical evidence in support of this notion. For example, chronic intermittent alcohol exposure
(i.e., coupled with numerous intervening periods of abstinence) was reported to result in hippocampal
cell loss in rats, an effect not observed in animals exposed to alcohol in a continuous fashion (40,100).
In a study involving postmortem analysis of alcoholic brains, temporal lobe pathology was reported to
be associated with a history of alcohol withdrawal seizures (101). Enhanced vulnerability and suscep-
tibility to alcohol-related neuropathology as a result of multiple-withdrawal experience may, in turn,
underlie cognitive deficits associated with chronic bingelike drinking (102). Indeed, there is both clin-
ical (103) and experimental (39) evidence indicating that a history of repeated alcohol withdrawals is
associated with greater cognitive dysfunction.

Given the prominent role of glutamate in neurotoxicity and neurodegeneration (104,105), enhanced
vulnerability to neuropathologic insult following repeated alcohol withdrawals may be related to an
associated upregulation in NMDA receptor function (106,107). In in vitro studies, although acute alco-
hol has been shown to inhibit NMDA-mediated cell death (108,109), chronic alcohol exposure results
in an exacerbation of NMDA excitotoxicity in cortical (110–112) and cerebellar granule cells
(113,114). Similar results have been reported following chronic alcohol exposure in hippocampal slice
explants (115–117). Moreover, chronic alcohol exposure resulted in enhanced NMDA-mediated, but
not AMPA- or kainate-mediated excitotoxicity in cultured hippocampal cells (118).

Studies employing in vivo microdialysis techniques have demonstrated increased extracellular glu-
tamate levels in striatum (119,120), nucleus accumbens (121,122), and hippocampus (123) during
withdrawal from chronic alcohol exposure in rats. Similarly, elevated levels of glutamate were
reported in cerebrospinal fluid (CSF) from alcoholic patients for as long as 1 mon following abstinence
(107). Withdrawal-related increases in glutamate release presumably result in increased activation of
NMDA receptors, which may relate to reported increased in vivo sensitivity to NMDA-mediated exci-
totoxic damage in the hippocampus of rats undergoing alcohol withdrawal (83,124).

Whether sensitivity to glutamate-related excitotoxicity is enhanced as a function of repeated alcohol
withdrawals has not been extensively explored. In one study, repeated alcohol withdrawals resulted in a
decrease (toward baseline), rather than a further increase, in extracellular glutamate levels in the hip-
pocampus (123). Because there was a robust increase in glutamate release following the first withdrawal
period, it is not clear if this represents some protective response that serves to dampen further neural
damage during subsequent withdrawals. In contrast, repeated in vitro exposure and withdrawal from
alcohol in rat hippocampal slices was reported to enhance sensitivity to NMDA excitotoxicity (125,126).
Furthermore, this enhanced sensitivity to the excitotoxic effects of NMDA challenge was greatest in hip-
pocampal cultures exposed to the greatest number of withdrawal (washout) periods interspersed between
alcohol exposures (125). Given the serious clinical implications of alcohol-related neuropathologic dam-
age and cognitive impairment, the potential for multiple-withdrawal experience to exacerbate these
effects, possibly through enhancement of glutamate function, remains an area of active investigation.

5. SUMMARY

A growing body of clinical and experimental evidence indicates that multiple alcohol with-
drawal experiences may result in more severe and complicated future withdrawal episodes. It has
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been postulated that this progressive intensification of withdrawal symptoms may reflect a kin-
dling-like phenomenon. Thus, CNS hyperexcitability that normally accompanies alcohol with-
drawal (but does not necessarily result in severe or even noticeable symptoms) may progressively
magnify over successive withdrawal episodes, ultimately being manifested as an exaggerated (“kin-
dled”) withdrawal response. Although the pathophysiological mechanisms underlying withdrawal
sensitization or kindling are not well understood, there is evidence that neuroadaptive changes in
glutamate-mediated excitatory neurotransmission may play a significant role in the phenomenon.
This notion is further bolstered by the fact that glutamate is known to play a prominent role in vari-
ous forms of neuroplasticity, many of which bear great resemblance to a kindlinglike process.

A convergent body of evidence from behavioral, biochemical, electrophysiological, and molecular
studies has demonstrated that enhanced glutamatergic activity, primarily through increased density
and/or function of NMDA receptors, underlies CNS hyperexcitability associated with alcohol with-
drawal. There is some evidence indicating that these neuroadaptive changes (enhanced NMDA recep-
tor function) may become further magnified as a consequence of repeated alcohol-withdrawal
experience. Although non-NMDA receptors (AMPA/kainate receptors) have been shown to be respon-
sive to acute and chronic alcohol exposure, their role in withdrawal kindling has been less extensively
studied. Of course, compensatory changes in other excitatory systems (e.g., voltage-gated calcium
channels) as well as inhibitory systems (e.g., GABA, adenosine) undoubtedly contribute to exagger-
ated CNS hyperexcitability and the expression of sensitized or kindled withdrawal symptoms. These
changes may occur either upstream or downstream from upregulated glutamate function. Elucidation
of the complex changes in brain function following chronic alcohol exposure as well as the dynamic
alterations that are associated with repeated cycles of alcohol intoxication and withdrawal is an area of
active investigation.

Aside from the potentially life-threatening consequences of augmented withdrawal-related CNS
hyperexcitability (seizures), another serious concern regarding abusive alcohol consumption and a his-
tory of multiple-withdrawal experience is enhanced potential for neurotoxicity. Indeed, there is both
clinical and preclinical evidence that suggests neurological damage and associated cognitive deficits
are more extensive as a result of multiple-withdrawal experience. Glutamate-mediated neurotransmis-
sion, particularly through NMDA receptor activation, has been shown to play a prominent role in neu-
rotoxicity and neurodegradation. Several studies have demonstrated chronic alcohol exposure and
withdrawal result in enhanced NMDA-mediated excitotoxicity, and there is some evidence to suggest
that this effect is further enhanced following intermittent alcohol exposure that involves repeated with-
drawals. The clinical significance of alcohol-induced neuropathology and cognitive impairment, as
well as the manifestations of withdrawal-related CNS hyperexcitability add further relevance to under-
standing the potential for repeated withdrawals to exacerbate these deleterious consequences through
alterations in glutamate-mediated neurotransmission. Further elucidation of the role of glutamate in
mediating the alcohol-withdrawal kindling phenomenon could provide the necessary insight needed
for the development of more targeted and effective pharmacotherapy treatment strategies for alcohol
detoxification, as well as the long-term management of alcohol dependence and alcoholism.
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Alcohol and Glutamate Neurotransmission in Humans

Implications for Reward, Dependence, and Treatment

John H. Krystal, MD, Ismene L. Petrakis, MD, D. Cyril D’Souza, MD,
Graeme Mason, PhD, and Louis Trevisan, MD

1. INTRODUCTION

Ethanol has multiple specific targets in the brain that combine to yield a complexly nuanced psy-
choactive agent (1). However, the study of glutamatergic targets of ethanol have been a recent
development (2). The recency of these clinical studies may be surprising. Glutamate is the most
prevalent excitatory neurotransmitter in the cerebral cortex and it mediates most output of the cor-
tex and limbic system (3). Also, the N-methyl-D-aspartate (NMDA) subtype of glutamate receptor
is among the highest-affinity targets of ethanol inthe brain (4). This chapter will provide an intro-
duction to studies indicating that NMDA receptor blockade contributes to the behavioral effects of
ethanol in humans. In doing so, it will provide clinical insights into the neurobiology of the reward-
ing and dysphoric effects associated with the blockade of NMDA receptors by ethanol. This chapter
will then describe evidence of glutamatergic dysregulation in ethanol-dependent patients. In doing
so, it will emphasize the hypothesis that ethanol tolerance may be associated with alterations in the
reward valence of the NMDA antagonist component of ethanol action. It will also describe evidence
that the familial vulnerability to alcoholism may be associated with alterations in NMDA receptor
function that promote its use.

2. NMDA GLUTAMATE RECEPTOR ANTAGONISM AND THE BEHAVIORAL
EFFECTS OF ETHANOL

The NMDA receptor is among the most potent targets for ethanol in the brain. As described in
Fig. 1, this glutamate receptor includes a calcium channel that is activated by the joint binding of
glutamate and glycine under conditions where limited membrane depolarizaition has first removed a
magnesium-ion blockade (6). Ethanol produces a dose-related capacity blockade of NMDA receptor
function between 5 and 100 mM (4,7,8). In animals, ethanol shares many properties with other
NMDA receptor antagonists. With acute administration, NMDA antagonist have ethanollike discrim-
inative stimulus properties, with the effects of NMDA antagonist being most similar to higher train-
ing doses of ethanol (9).

There is a growing body of literature suggesting that NMDA antagonists have ethanollike effects in
healthy human subjects and recovering ethanol-dependent patients. Healthy subjects spontaneously
reported that the uncompetitive NMDA antagonists phencyclidine (10) and ketamine (11) produced a
sense of intoxication that resembled that produced by ethanol. In a subsequent studies, ketamine (12)
and dextromethorphan (13) produced ethanollike effects in recently detoxified alcoholic patients. As
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with the preclinical studies (9), both the intensity and the degree of similarity of the ethanollike effects
of ketamine were greater at 0.5 mg/kg than at 0.1 mg/kg (see Fig. 2). The higher dose was judged to be
similar to approximately eight to nine standard ethanol drinks while the lower dose was similar to one
to two standard ethanol drinks. Typically, 0.5 mg/kg ketamine has more pronounced perceptual effects
than 8–10 ethanol drinks in healthy subjects (11). However, the perceptual effects of ketamine were
blunted in recovering ethanol-dependent dependent patients and these individuals also had more
insight into perceptual effects associated with very high levels of ethanol intoxication. As one subject
in this study put it, “I have these (perceptual) effects when I drink, then I pass out” (Krystal, unpub-
lished observation). Ketamine effects were judged more similar to ethanol effects than the effects of
marijuana or cocaine. Ketamine did not stimulate ethanol-craving in patients, although craving was
associated with the ethanollike effects of another NMDA antagonist, dextromethorphan (13).

Clinical studies examining the interactive effects of ketamine and other drugs may provide insights
into the NMDA antagonist component of ethanol effects in the brain. The NMDA antagonist-induced
euphoria does not yet appear dopamine dependent. For example, the euphoric properties of ketamine
are not blocked by haloperidol pretreatment (15) or markedly potentiated by amphetamine pretreat-
ment (16). These findings parallel clinical findings describing the lack of interaction of ethanol and
amphetamine (17). In contrast, the euphoric effects of ketamine (18), like ethanol (19), are attenuated
by pretreatment with the µ-opiate receptor antagonist naltrexone. Ethanol may possess actions at other
brain targets that attenuate the dysphoric properties arising from its blockade of NMDA receptors. For

Fig. 1. Schematic of N-methyl-D-aspartate glutamate receptor illustrating multiple binding sites. (From ref. 5.)
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example, ethanol facilitates GABAA receptor function and blocks voltage-gate ion calcium channels
(2). The combination of ketamine and the benzodiazepine agonist lorazepam is more tolerable than
ketamine alone because lorazepam attenuates anxiogenic and perceptual ketamine effects (20). Simi-
larly, pretreatment with the voltage-gated cation channel antagonists lamotrigine or nimodipine also
attenuated the behavioral effects of ketamine and improved the tolerability of ketamine (21,22).

Drugs acting at the glycine-B modulatory site of the NMDA receptor modulate ethanol intoxication
(see Fig. 1). In cultured cerebellar granule cells, ethanol lowered the NMDA receptor affinity for
glycine and ethanol effects were partially reversed by raising glycine levels (2). In humans, intra-
venous 0.1–0.2g/kg glycine raised cerebrospinal fluid glycine levels several-fold (23). These doses of
glycine also show other psychoactive properties in humans consistent with enhanced stimulation of the
glycine-B site: attenuation of the cognitive and perceptual effects of ketamine (24) and enhancement
of the euphoric and sedative effects of the glycine-B partial agonist D-cycloserine (1000 mg., po) (25).
The latter finding supports the hypothesis that exogenous glycine raises synaptic glycine levels
because the “NMDA antagonistlike” properties of glycine-B partial agonists would be predicted to
become more prominent as synaptic glycine levels rise (26). A preliminary report also suggests that
500 mg D-cycloserine at its peak blood levels may mildly increase ethanol intoxication without
increasing ethanol levels (27).

Together, these studies suggest that the NMDA antagonist actions of ethanol contribute to its
behavioral effects in humans. These studies also suggest that drugs that modulate the rewarding or
dysphoric effects of NMDA antagonists in humans also may modulate ethanol intoxication in man-
ners that may promote or attenuate the abuse of ethanol. From this perspective, drugs that block the
rewarding effects or promote the dysphoric effects of NMDA antagonists are possible pharmacothera-
pies for alcoholism. To date, this approach suceeded in detecting a therapeutic effect of an approved

Fig. 2. Evidence that doses of ketamine that are judged to be more similar to ethanol are also thought to be
similar to the consumption of greater amounts of ethanol. The left figure presents ratings made by recovering
ethanol-dependent patients (n = 20) on a visual analog scale measuring similarity of a given subjective state to
ethanol intoxication. This figure illustrates that the 0.5-mg/kg dose of ketamine was substantially more “ethanol-
like” in these patients relative to 0.1 mg/kg, ketamine or a saline placebo. The right figure presents the subjective
reports from this same patient group regarding the intensity of ethanollike effects reflected by the “Number of
Drinks Scale,” which measures the number of standard ethanol drinks (30 cm3 absolute ethanol) thought to pro-
duce comparable levels of intoxication to a given subjective state. The effects of 0.5 mg/kg ketamine were judged
to produce significantly more intense ethanollike effects than either 0.1 mg/kg ketamine or a saline placebo.
(Adapted from ref. 14.) ●, placebo; ●, 0.1 mg/kg ketamine hydrochloride; ■, 0.5 mg/kg ketamine hydrochloride.
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alcoholism treatment, naltrexone. It will be important, then, to determine whether high-dose glycine
has therapeutic value related to a capacity to attenuate ethanol intoxication. Alternatively, the capacity
of high-dose D-cycloserine to potentiate dysphoric effects of ethanol may also signal a potential thera-
peutic role for this drug as well.

Other binding sites of the NMDA receptor may contribute to the behavioral pharmacology of
ethanol and its treatment. Acamprosate, for example, shows efficacy in the treatment of alcoholism
(28,29). Its site of action is not clear at this time, although it is known to modulate NMDA receptor
function. Recent data suggest that it may attenuate the stimulatory effects of spermine on NMDA
receptor function via the polyamine-binding site of the NMDA receptor complex (30) (see Fig. 1).
This action may be consistent with the capacity of acamprosate to produce mild impairments in
delayed recall (31) without producing ethanollike behavioral effects in animals (32). Other NMDA
receptor-binding sites have been probed indirectly in clinical research studies. For example,
desipramine is an antagonist of NMDA receptor function, perhaps via the zinc-binding site (33). This
medication has also shown efficacy in the treatment of alcoholism (34). Overall, the psychopharmacol-
ogy of regulatory sites of the NMDA receptor complex other than the glycine, glutamate, and channel
(PCP, ketamine) sites are poorly understood.

3. GLUTAMATERGIC DYSREGULATION 
IN ETHANOL-DEPENDENT PATIENTS

There is compelling preclinical evidence suggesting that adaptations within the brain to chronic
ethanol administration contribute to the phenomena of tolerance and withdrawal. In response to the
chronic blockade of NMDA receptors associated with sustained ethanol administration, there are
increases the levels of mRNA or protein for NMDA receptor subunits and increased NMDA receptor
function (2). These changes, combined with increased glutamate release, are temporally related to the
expression of withdrawal seizures in animals (35). The importance of NMDA receptor adaptations
associated with ethanol dependence for withdrawal is supported by evidence that NMDA antagonists
suppress ethanol withdrawal (36) and that inbred rodent strains with increased expression of with-
drawal seizures show elevated levels of NMDA receptors (37).

Preclinical research suggests that acute withdrawal is associated with a paradoxical convergence:
upregulation of postsynaptic NMDA receptor function and increased glutamate release. The cause of
increased glutamate release during ethanol withdrawal is unknown, but it has many hypothesized eti-
ologies. For example, chronic ethanol administration depresses GABA synthesis and reduces GABA
receptor function (38,39). Inhibitory deficits might contribute to enhanced glutamate release. Also,
chronic ethanol administration increases the levels of several subtypes of voltage-gated calcium chan-
nels that are involved in neurotransmitter release (2). In addition to promoting glutamate release,
upregulation of voltage-gated calcium channels could also serve to recruit NMDA receptors by reduc-
ing membrane potential, removing the Mg2+ blockade and shifting NMDA receptors to the “active
state.” This process would be facilitated because of the common colocalization of NMDA and voltage-
gated cation channels (40). The potential clinical consequences of increased presynaptic and postsy-
naptic glutamatergic activation during acute withdrawal are serious because preclinical data suggest
that this convergence contributes to seizures and neurotoxicity (41,42).

Clinical research studies have begun to document the enhancement in glutamatergic function dur-
ing withdrawal. Postmortem studies of ethanol-dependent individuals suggest that the Bmax or KD of
NMDA receptors are increased in cortical structures alcoholics (43,44). In vivo, ethanol withdrawal
increases cerebrospinal fluid glutamate levels (45), consistent with preclinical evidence of enhanced
glutamate release (46,47). Repeated episodes of withdrawal may promote the initiation of forms of
neural sensitization that may contribute to increased startle magnitude (48) and enhanced seizure risk
(49,50). It is possible that withdrawal-related neuroplasticity contributes to associative learning, as
might be reflected in drug-craving (51).
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resembling the changes seen in ethanol-dependent patients (71). Thus, inherited differences related
to NMDA receptor function may contribute to alterations in the set point for sensitivity to ethanol
effects that promote the development of the abuse of ethanol. Further research will be needed to
clarify the impact of ethanol dependence and alcoholism vulnerability on glutamatergic function.

The mechanism through which ketamine sensitivity is altered in individuals at increased familial
risk for alcoholism is not yet clear. In individuals without a family history of alcoholism, antagonism
of voltage-gated cation channels reduces the dysphoric effects of ketamine and enhances its euphoric
effects (21) (i.e., produces changes in the reward valence of ketamine effects that are similar to the
alterations associated with a family history of ethanol dependence). The genes underlying altered keta-
mine response in individuals at risk for alcoholism are not yet known.

5. SUMMARY AND TREATMENT IMPLICATIONS

There is now growing evidence in humans that (1) glutamate receptors are an important target
for ethanol in the brain, (2) ethanol actions at NMDA receptors contribute to its behavioral effects,
(3) ethanol dependence may be associated with upregulation of NMDA receptors, (4) acute ethanol
withdrawal may be associated with increased glutamate release and protracted withdrawal may be
associated with reduced brain glutamate turnover, and (5) the familial risk for developing alco-
holism may be associated with alterations in NMDA receptor function. Genetic variation that might
link glutamatergic systems to the vulnerability to alcoholism and its treatment have yet to be expli-
cated. Acamprosate is the first agent developed for the treatment of alcoholism with a mechanism
of action that may be related to glutamate function. Future pharmacotherapy research glutamatergic
pharmacotherapy research may explore medications designed to suppress withdrawal, reduce
ethanol consumption, attenuate alcoholism-related cognitive deficits, protect neuronal viability, and
reverse cerebral atrophy.
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Mechanism of Action of Acamprosate Focusing 

on the Glutamatergic System
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W. Danysz, and Ch. Parsons

1. INTRODUCTION

The taurine analog acamprosate (calcium acetylhomotaurinate) has received considerable attention
in Europe for its ability to prevent relapse in abstained alcoholics [(1); Chapter 28] and has been sug-
gested to act by reducing craving associated with conditioned withdrawal (2,3).

2. ANTICRAVING AND ANTIRELAPSE PROPERTIES OF ACAMPROSATE

Novel aspects of addictive behavior to alcohol (craving, relapse, and sensitization processes) are
uncovered by a new animal model of long-term, free-choice, alcohol self-administration followed
by alcohol-deprivation phases. After several months of voluntary alcohol consumption, the drug-
taking behavior following a deprivation (withdrawal) phase is characterized by increased alcohol
intake and preference. During this so-called alcohol-deprivation effect (relapselike behavior) rats
exhibit a high motivation for alcohol (4). This behavior is interpreted as craving, and this model has
been used to investigate the potential of new anticraving agents (5). In this model,acamprosate
(50–200 mg/kg, ip) administered twice daily during the alcohol-deprivation phase dose-dependently
reduced the subsequent alcohol deprivation effect (6). The effects of acamprosate on drinking
behavior under operant conditions, both during normal training conditions (i.e., at baseline) and dur-
ing the alcohol-deprivation effect, were also studied (7). Under baseline conditions, acamprosate
reduced operant responding in long-term alcohol-drinking rats. At maximal acamprosate levels in
the blood and the brain, however, the agent reduced alcohol consumption more effectively during
the alcohol-deprivation effect than during baseline drinking. Because the intensity of the alcohol-
deprivation effect can serve as a measure of craving, these findings suggest that acamprosate indeed
has anticraving properties. Acute administration of acamprosate (400 mg/kg) reduced oral ethanol
consumption under limited access where rats were trained to respond for ethanol (10% w/v) or
water in a two-lever free-choice operant paradigm (8). Repeated administration of lower daily doses
of acamprosate (100 and 200 mg/kg) selectively blocked increased ethanol consumption typically
observed in the same model after an imposed abstinece period (8). In a model in which ethanol
administration was repeatedly paired with plus-maze exposure, the opioid antagonist naltrexone had
no significant effect on alcohol-conditioned abstinence behavior in the plus-maze, but acamprosate
reduced the incidence of stretched-attend postures (9). This difference was attributed to effects of
acamprosate on conditioned negative reinforcement, whereas naltrexone is thought to have effects
on positive reinforcement for ethanol.
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The mechanism of action of acamprosate in the central nervous system (CNS) is still unclear. A bet-
ter understanding of this is important to increase our knowledge of the fundamental processes govern-
ing alcohol abuse that would, in turn, allow the development of better drugs to prevent relapse in
weaned alcoholics. Although early studies indirectly suggested an action at GABA receptors (10–13),
more recent data suggest that acamprosate rather or also interacts with the N-methyl-D-aspartate
(NMDA) subclass of ionotropic glutamate receptor. These Ca2+-permeable channels have, in turn,
been implicated in the induction of alcohol dependence.

3. THE GLUTAMATERGIC/NMDA RECEPTOR SYSTEM

N-Methyl-D-aspartate receptors consist of tetrameric and heteromeric subunit assemblies that have
different physiological and pharmacological properties and are differentially distributed throughout
the CNS (14–19). So far, three major subunit families designated NR1, NR2, and NR3 have been
cloned. Functional receptors in the mammalian CNS are almost certainly only formed by combination
of NR1 and NR2 subunits, which express the glycine and glutamate recognition sites, respectively
(20,21). NR3 subunits seem to inhibit receptor function and are expressed at higher levels during
development (22).

Alternative splicing generates eight isoforms for the NR1 subfamily (23–25). The variants arise
from splicing at three exons; one encodes a 21-amino acid insert in the N-terminal domain (N1, exon 5)
and two encode adjacent sequences of 37 and 38 amino acids in the C-terminal domain (C1, exon 21,
and C2, exon 22). NR1 variants are sometimes denoted by the presence or absence of these three alter-
natively spliced exons (from N to C1 to C2); NR1111 has all three exons, NR1000 has none, and NR1100

has only the N-terminal exon (23). The variants from NR1000 to NR1111 are alternatively denoted as
NMDAR1 -4a, -2a, -3a, -1a, -4b, -2b, -3b, and -1b. The NR2 subfamily consists of four individual sub-
units, NR2A to NR2D (14–19). Various heteromeric NMDA receptor channels formed by combina-
tions of NR1 and NR2 subunits are known to differ in gating properties, magnesium sensitivity, and
pharmacological profile (e.g., see Table 1 of ref. 15). Only the heteromeric assembly of NR1 and NR2B
subunits for instance are potentiated in a glycine-independent manner by the polyamines spermine and
spermidine and are selectively blocked by ifenprodil and related compounds. In situ hybridization has
revealed overlapping but different expression for NR2 mRNA; for example, NR2A mRNA is distrib-
uted ubiquitously like NR1 with highest densities occuring in hippocampal regions and NR2B is
expressed predominantly in the forebrain but not in the cerebellum, where NR2C predominates.

Glycine is a coagonist at NMDA receptors at a strychnine-insensitive recognition site (glycineB)
and its presence at moderate nanomolar concentrations is a prerequisite for channel activation by glu-
tamate or NMDA (26–28) (for review, see ref. 16). Physiological concentrations of glycine reduce one
form of relatively rapid NMDA receptor desensitization (29–31). Recently, it has been suggested that
D-serine may be more important than glycine as an endogenous coagonist at NMDA receptors in the
telencephalon and developing cerebellum (32).

The endogenous polyamines spermine and spermidine have multiple effects on the activity of
NMDA receptors. These include an increase in the magnitude of NMDA-induced whole-cell currents
seen in the presence of saturating concentrations of glycine, an increase in glycine affinity, a decrease
in glutamate affinity, and voltage-dependent inhibition at higher concentrations (33,34). Glycine-inde-
pendent stimulation requires the presence of NR1 variants that lack an amino-terminal insert such as
NR1a (NR1011) but not NR1b (NR1111). The stimulatory effect is also controlled by NR2 subunits in
heteromeric complexes—it is observed at heteromeric NR1a/NR2B receptors but not at heteromeric
NR1a/NR2A or NR1a/NR2C receptors (35,36). Glycine-dependent stimulation is mediated via an
increase in glycine affinity and probably involves a second binding site, as it is also seen at
NR1a/NR2A receptors (36,37). Spermine also induces a small decrease in the affinity of NR1a/NR2B
but not NR1a/2A receptors for NMDA and glutamate (37). The voltage-dependent inhibitory effect of
higher concentrations of spermine is similar for NR1A/NR2A and NR1A/NR2B receptors but is
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apparently absent at NR1A/NR2C receptors (36). This effect seems to be mediated at the Mg2+ chan-
nel site. Endogenous polyamines could therefore act as a bidirectional gain control of NMDA recep-
tors, by dampening toxic chronic activation by low concentrations of glutamate—through changes in
glutamate affinity and voltage-dependent blockade—but enhancing transient synaptic responses to
millimolar concentrations of glutamate (33).

The polyamine modulatory site of the NMDA receptor was discovered in the late 1980s and then
ifenprodil and its analog eliprodil were found to block NMDA receptors in a spermine-sensitive man-
ner and proposed to be polymaine antagonists (38–40). Initial patch-clamp evidence for NMDA recep-
tor-subtype selectivity of ifenprodil and eliprodil was provided by Legendre and Westbrook (41),
followed by conclusive evidence for NR2B subtype selectivity by Williams (42).

4. ACTION OF ALCOHOL ON THE GLUTAMATERGIC/NMDA
RECEPTOR SYSTEM

Ethanol can be seen as an NMDA receptor antagonist (43–45) at concentrations reached in the
brains of alcohol abusers. There is some in vitro evidence that the effects of ethanol may be related to
selective actions at NR2B receptors (46,47). NR2B selective actions are supported by the finding that
chronic ethanol treatment of cultured cortical neurons has been reported to increase NR2B mRNA (48)
and receptor expression (49–51). Moreover, chronic exposure of cultured cortical neurons or NR2B-
transfected HEK-293 cells to ethanol increases sensitivity to NMDA measured by Ca2+ influx and neu-
rotoxicity and causes a 10-fold increased sensitivity to the blockade by ifenprodil (49). In vivo data
based on comparing sensitivity to ifenprodil and alcohol also suggest that both interact with the same
subtype of NMDA receptors [i.e., containing the NR2B subunit (47)]. In contrast, Mirshahi and Wood-
ward (45) reported that ethanol is somewhat more potent against NR2A receptors in Xenopus oocytes.
Furthermore, no selective change in NR2B was observed in two other studies on chronic exposure of
cultures to ethanol (52–53). It should also be noted that, apart from interactions with both NMDA and
GABA receptors, at low millimolar concentrations (reached in the brain during intoxication), actions
on nicotinic receptor micromolar levels were also detected recently (IC50 = 89 µM) (54).

In rats, at 9 h after withdrawal from chronic treatment with ethanol, an increase in NR2A and
NR2B but no change in NR1 was seen (55). A recent postmortem study on the brains of alcoholics
showed a modest (but significant) increased binding for [3H]glutamate and [3H]CGP-39653—compet-
itive NMDA receptor antagonists (56). In humans with a history of alcohol abuse, an increase in
immunoreactivity toward AMPA GluR2 and GluR3 subunits was also found (57).

It has been shown that upon withdrawal from ethanol in dependent rats, an increase in glutamate
release is seen in the striatum that temporally corresponds to the duration of withdrawal syndrome
(hyperactivity, treading, shakes, jerks, twitches) (58). (+)MK-801 normalized both effects, whereas
diazepam only affected the behavioral aspects. Treatment of mice with ethanol increases fast α-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor-mediated excitatory postsynapthic
currents (EPSPs) in the CA1 region in hippocampal slices ex vivo at 4–6 h but not 2 h after withdrawal
(59). Under similar conditions, Ca2+ channel activity and NMDA receptor-mediated EPSPs were
reported to be potentiated in the hippocampus (60). NMDA receptor antagonists (MK-801 and CGP-
39551) inhibit the development of tolerance to ethanol (measured as a decrease of sleeping time) even
if given 120 min after the daily alcohol injection (61). This indicates that NMDA receptor activation is
probably involved in plastic changes following chronic ethanol-induced receptor adaptation. Consis-
tent with the role of the NMDA receptor in alcohol tolerance is the finding that the partial agonist D-
cycloserince enhances tolerance to the motor-impairing effect of ethanol in rats (62).

In the alcohol “craving”/relapse model discussed above for acamprosate, memantine given via
osmotic mini-pumps at a dose leading to steady-state serum levels similar to those seen in clinical prac-
tice also greatly inhibited alcohol consumption during the relapse phase (63). This suggests that The
blockade of NMDA receptors inhibits some aspects of alcohol dependence. There are several
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possibilities as to how NMDA receptor antagonists exert this effect: (1) produce alcohol-like effects
because memantine and other NMDA receptor antagonists show partial or full generalization to the
ethanol cue in rats trained to discriminate ethanol (64,65); (2) block recognition of the alcohol cue; (3)
inhibit association of environmental cues with alcohol use (4) directly interfere with the reinforcing
properties of ethanol. Another study examined the effects of the NMDA receptor antagonist AP5 on
alcohol preference. Following intracerebroventral (icv) infusion of AP5, ethanol preference was
reduced in untrained but not trained rats (66). This indicates that NMDA receptor antagonists may inter-
act with the association but not the recognition of the alcohol cue or inhibition of its hedonic effects.

There is also increasing evidence that NMDA receptors may participate in the execution of patho-
logical changes in Wernicke–Korsakoff syndrome. In animals, thiamine deficiency produces a pattern
on neuronal damage resembling that found in Wernicke–Korsakoff syndrome (e.g., in the thalamus). In
such animals, an increase in extracellular glutamate in the brain is observed and NMDA receptor
antagonists prevent both neurodegeneration and the increase in glutamate (67). In a goat version of this
model, there is a decrease in the NMDA receptors in the motor cortex, probably reflecting damage to
neurons rich in this receptor type (68). Interestingly, in traumatic brain injury in rats, alcohol exerts
potent neuroprotective potential at moderate doses (1–2.5 g/kg), whereas at higher doses, aggravation
of injury was observed (69). This later effect is possibly related to ethanol-induced hemodynamic and
respiratory depression.

5. INTERACTION OF ACAMPROSATE WITH THE GLUTAMATERGIC/NMDA
RECEPTOR SYSTEM

Acamprosate has been reported to bind to a specific, spermidine-sensitive site (Kd of 120 µM and a
Bmax of 450 pmol/mg of protein) and modulate NMDA receptor function by acting as a partial coago-
nist. Thus, low concentrations enhanced functional [3H]-MK-801 binding (under nonequilibrium con-
ditions) when receptor activity was low (i.e., in the absence of added agonists), whereas higher
concentrations (>100 µM) were inhibitory under high levels of receptor activation (i.e., in the presence
of 100 µM glutamate and 30 µM glycine) (70). Interestingly, only the inhibitory effects of acamprosate
were seen in rats made dependent on alcohol following 10 d of ethanol inhalation (71). Similar effects
were seen in rats that had received 400 mg/kg/d of acamprosate in their drinking water with or without
concurrent ethanol inhalation for 10 d (71). These results suggest that the inhibitory effects of acam-
prosate are more important for its therapeutic effects. However, a recent patch-clamp study showed no
effect of acamprosate (0.1–300 µM) on NMDA- or glutamate-induced currents in primary cultured
cerebellar granule cells under control conditions or in the presence of spermine and no modification of
the potency of ethanol as an NMDA receptor antagonist in these cells (72). However, this study did
report reversal of polyamine potentiation in a subset of cultured striatal neurons, although, again, no
influence on the potency of ethanol was seen in these cells. Similarly, another recent study reported
extremely weak effects of acamprosate on NMDA receptor in cultured hippocampal neurons and
NR1a/2A and NR1a/2B receptors expressed in Xenopus oocytes or HEK-293 cells (all IC50’s > 100
µM) and no increase in potency of acamprosate following in vitro exposure of neurons to ethanol for
48 h (73). This study was also unable to show any interaction of acamprosate with the polyamine site
or influence on agonist affinity. However, in this same study, acamprosate produced similar increases
in NR1 and NR2B receptor expression in vivo to those seen following acute treatment with (+)MK-
801 and memantine, indicating that acamprosate may produce changes in the CNS that are similar to
those seen following NMDA receptor antagonists and that these changes may, in turn, underlie the
effects of both kinds of drugs in the treatment of alcohol abuse.

The nucleus accumbens (NAc) is a brain region thought to mediate ethanol reinforcement. Acam-
prosate (300 µM) has been reported to selectively increase the NMDA receptor-mediated component
of EPSCs recorded from NAc core neurons in vitro with no effect on resting membrane potential or the
AMPA receptor-mediated component (74). In the same preparation, acamprosate had little effect on
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postsynaptic GABAA receptors (i.e., monosynaptic IPSCs) but significantly decreased paired-pulse
inhibition (PPI) in the presence of D-APV and CNQX. This latter finding was taken to imply that
acamprosate may concomitantly enhance NMDA receptor-mediated excitatory transmission and disin-
hibit NAc core neurons by blocking presynaptic GABAB receptors (74). A similar selective enhance-
ment of NMDA receptor-mediated transmission was reported for the Schaffer collateral input onto
CA1 neurons recorded in hippocampal slices (75). In this study, the effects of acamprosate seemed to
be mediated directly via actions at postsynaptic NMDA receptors because acamprosate (100–1000
µM) dramatically increased inward current responses in most CA1 neurons to exogenous NMDA
applied in the presence of TTX to block synaptic transmission. In contrast, higher concentrations of
acamprosate (100–1000 µM) inhibited both inhibitory and excitatory transmission in the neocortex in
vitro and blocked responses to iontophoretic excitatory amino acids both in vitro and in vivo (76).

Cotreatment with acamprosate (400 mg/kg/d) for 4 wk. has also been reported to block the with-
drawal-induced increase in glutamate increase in the nucleus accumbens microdialysate in rats made
dependent on ethanol by inhalation (77). One of the known behavioral actions of accamprosate is to
decrease hypermotility during alcohol withdrawal. It therefore, seems plausible that glutamate release
in the nucleus accumbens could underlie hyperexcitability during ethanol withdrawal. More recent
results from the same group indicate that this effect could be secondary due to an increase in the levels
of taurine or GABA (78,79). Although acamprosate (200 mg/kg, ip) caused an increase in c-Fos
expression in the hippocampus (CA1) and the cerebellum in drug-naive animals, the same dose of
acamprosate reduced elevated c-Fos mRNA levels in these structures following 24 h of ethanol with-
drawal in alcohol-dependent rats or ip administration of the convulsant pentylenetetrazole (80). This
finding also supports the notion that acamprosate elicits its preventive effect on relapse by reducing the
hyperexcitability of central neurons during withdrawal, following long-term ethanol consumption.

6. EFFECTS OF ACAMPROSATE ON MORPHINE DEPENDENCE

Acamprosate attenuated the expression of sensitized locomotor activity and dopamine release in the
nucleus accumbens following daily injection of morphine (10 mg/kg, sc) for 14 d; however, it did not
have any consistent effect on either iv heroin self-administration during the maintenance phase or the
relapse to heroin seeking in a drug-free state induced by priming injections of heroin or a foot-shock
stressor after a 5- to 8-d period of extinction (81). This, in turn, implies that acamprosate may not have
similar beneficial effects to NMDA receptor antagonists in other forms of drug-seeking behavior such
as heroin or cocaine abuse (see ref. 15). This is supported by the finding that although acamprosate has
similar effects to NMDA receptor antagonists in animal models of alcohol abuse, it does not cross-dis-
criminate for the high-affinity uncompetitive NMDA receptor antagonist (+)MK-801 and, in contrast
to this agent, also does not cross-discriminate for the ethanol cue (6,82,87). Moreover, it is important
to note that acamprosate lacked both reinforcing properties and discriminative stimulus properties sim-
ilar to D-amphetamine or pentobarbital in rhesus monkeys, suggesting that it has little or no abuse
potential in it’s own regard (83,86). Similarly, acamprosate (170 and 320 mg/kg, ip) did not cross-dis-
criminate for morphine or amphetamine in rats (84); however, these data are questionable because the
sodium salt of acamprosate was used in this study, which barely crosses the blood-brain barrier. In
contrast, acquisition of conditioned place aversion by naloxone 5–6 d after the subcutaneous implanta-
tion of a 75-mg morphine pellet was completely inhibited by the pretreatment with acamprosate (200
mg/kg, ip) prior to conditioning, indicating that ethanol and opiates share similar properties in the neu-
ronal mechanisms of conditioned withdrawal and craving (85).

7. CONCLUSIONS AND PERSPECTIVES

In summary, recent studies have shown that acamprosate primarily interacts with the glutamatergic
system. Chronic alcohol use leads to an upregulation of this system (i.e., enhanced glutamate release,
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less glutamate reuptake, and alterations at NMDA receptors). Although acamprosate probably has not
direct antagonistic effect at NMDA receptors, it counteracts alcohol-induced alterations in the gluta-
matergic system. It is important to note, however, that not all patients benefit from acamprosate. The
task for the future will be to identify, prior to medication, those who will respond to acamprosate and
those who will not respond to this treatment. Interdisciplinary research in animals and humans has
shown that relapse for alcohol involves multiple pathways with different neurobiological mechanisms.
The first pathway may trigger relapse as a result of the mood-enhancing and appetitive effects of alco-
hol intake (alcohol-associated positive-mood states). The second pathway may solicit relapse by nega-
tive motivational states, including conditioned withdrawal and stress (alcohol-associated
negative-mood states). Because acamprosate interacts primarily with the glutamatergic system and
might affect alcohol-associated negative-mood states, it is hypothesized that acamprosate is most
effective among individuals with alcohol-associated negative-mood states. In this respect, preclinical
studies will be useful, and for this purpose, reinstatement of alcohol-seeking behavior in long-term
alcohol-experienced rats will be studied—a procedure recognized as a model of craving and relapse.
Reinstatement will be tested in response to different classes of craving and relapse inducing stimuli. In
particular, alcohol-associated positive- and negative-mood states will be induced and acamprosate
treatment will be matched to specific relapse-inducing stimuli. This procedure will allow us to identify
responders to acamprosate treatment. This knowledge can subsequently be transferred to the human
situation and will lead to better treatment success.

REFERENCES
1. Garbutt, J. C., West, S. L., Carey, T. S., Lohr, K. N., and Crews, F. T. (1999) Pharmacological treatment of alcohol depen-

dence: a review of the evidence. J. Am. Med. Assoc. 281, 1318–1325.
2. Littleton, J. (1995) Acamprosate in alcohol dependence: how does it work? Addiction 90, 1179–1188.
3. Spanagel, R. and Zieglgänsberger, W. (1997) Anti-craving compounds for ethanol: new pharmacological tools to study

addictive processes. Trends Pharmacol. Sci. 18, 54–59.
4. Spanagel, R. and Holter, S. M. (1999) Long-term alcohol self-administration with repeated alcohol deprivation phases: an

animal model of alcoholism? Alcohol Alcohol. 34, 231–243.
5. Spanagel, R. and Holter, S. M. (2000) Pharmacological validation of a new animal model of alcoholism, J. Neural Transm.

107, 669–680.
6. Spanagel, R., Holter, S. M., Allingham, K., Landgraf, R., and Zieglgansberger, W. (1996) Acamprosate and alcohol: I.

Effects on alcohol intake following alcohol deprivation in the rat. Eur. J. Pharmacol. 305, 39–44.
7. Holter, S. M., Landgraf, R., Zieglgänsberger, W., and Spanagel, R. (1997) Time course of acamprosate action on operant

ethanol self-administration after ethanol deprivation. Alcohol. Clin. Exp. Res. 21, 862–868.
8. Heyser, C. J., Schulteis, G., Durbin, P., and Koob, G. F. (1998) Chronic acamprosate eliminates the alcohol deprivation effect

while having limited effects on baseline responding for ethanol in rats. Neuropsychopharmacology. 18, 125–133.
9. Cole, J. C., Littleton, J. M., and Little, H. J. (2000) Acamprosate, but not naltrexone, inhibits conditioned abstinence behav-

iour associated with repeated ethanol administration and exposure to a plus-maze. Psychopharmacology 147, 403–411.
10. Boismare, F., Daoust, M., Moore, N., et al. (1984) A homotaurine derivative reduces the voluntary intake of ethanol by rats:

are cerebral GABA receptors involved? Pharmacol. Biochem. Behav. 21, 787–789.
11. Daoust, M., Lhuintre, J. P., Saligaut, C., Moore, N., Flipo, J. L., Boismare, F. (1987) Noradrenaline and GABA brain recep-

tors are co-involved in the voluntary intake of ethanol by rats. Alcohol Alcohol. 1(Suppl.), 319–322.
12. Daoust, M., Legrand, E., Gewiss, M., et al. (1992) Acamprosate modulates synaptosomal GABA transmission in chronically

alcoholised rats. Pharmacol. Biochem. Behav. 41, 669–674.
13. Rassnick, S., D’Amico, E., Riley, E., Pulvirenti, L., Zieglgänsberger, W., and Koob, G. F. (1992) GABA and nucleus accum-

bens glutamate neurotransmission modulate ethanol self-administration in rats. Ann. NY Acad. Sci. 654, 502–505.
14. Danysz, W., Parsons, C. G., Bresink, I., and Quack, G. (1995) Glutamate in CNS disorders: a revived target for drug devel-

opment? Drug News Perspect. 8, 261–277.
15. Parsons, C. G., Danysz, W., and Quack, G. (1998) Glutamate in CNS disorders as a target for drug development: an update.

Drug News Perspect. 11, 523–569.
16. Danysz, W. and Parsons, C. G. (1998) Glycine and N-methyl-D-aspartate receptors: physiological significance and possible

therapeutic applications. Pharmacol. Rev. 50, 597–664.
17. Hollmann, M. and Heinemann, S. (1994) Cloned glutamate receptors. Annu. Rev. Neurosci. 17, 31–108.
18. McBain, C. J. and Mayer, M. L. (1994) N-Methyl-D-aspartic acid receptor structure and function. Physiol. Rev. 74, 723–760.



Mechanism of Action of Acamprosate 405

19. Seeburg, P. H. (1993) The molecular biology of mammalian glutamate receptor channels. Trends Pharmacol. Sci. 14,
297–303.

20. Laube, B., Hirai, H., Sturgess, M., Betz, H., and Kuhse, J. (1997) Molecular determinants of agonist discrimination by
NMDA receptor subunits: analysis of the glutamate binding site on the NR2B subunit. Neuron 18, 493–503.

21. Hirai, H., Kirsch, J., Laube, B., Betz, H., and Kuhse, J., (1996) The glycine binding site of the N-methyl-D-aspartate receptor
subunit NR1: identification of novel determinants of co-agonist potentiation in the extracellular M3-M4 loop region. Proc.
Natl. Acad. Sci. USA 93, 6031–6036.

22. Das, S., Sasaki, Y. F., Rothe, T., et al. (1998) Increased NMDA current and spine density in mice lacking the NMDA receptor
subunit NR3A. Nature 393, 377–381.

23. Durand, G. M., Bennett, M. V., and Zukin, R. S. (1993) Splice variants of the N-methyl-D-aspartate receptor NR1 identify
domains involved in regulation by polyamines and protein kinase C. [published erratum appeared in Proc. Natl. Acad. Sci.
USA 1993, 90:9739] Proc. Natl. Acad. Sci. USA 90, 6731–6735.

24. Zukin, R. S. and Bennett, M. V. L. (1995) Alternatively spliced isoforms of the NMDARI receptor subunit. Trends Neurosci.
18, 306–313.

25. Barnard, E. A. (1997). Ionotropic glutamate receptors—new types and new concepts. Trends Pharmacol. Sci. 18, 141–148.
26. Fadda, E., Danysz, W., Wroblewski, J. T., and Costa, E. (1988) Glycine and D-serine increase the affinity of the N-methyl-D-

aspartate sensitive glutamate binding sites in rat brain synaptic membranes. Neuropharmacology 27, 1183–1185.
27. Kleckner, N. W. and Dingledine, R. (1988) Requirement for glycine in activation of NMDA receptors expressed in Xenopus

oocytes. Science 214, 835–837.
28. Johnson, J. W. and Ascher, P. (1987) Glycine potentiates the NMDA response in cultured mouse brain neurones. Nature 325,

529–531.
29. Mayer, M. L., Vyklicky, L. J., and Sernagor, E. (1989) A physiologist’s view of the N-methyl-D-aspartate receptor: an

allosteric ion channel with multiple regulatory sites. Drug Dev. Res. 17, 263–280.
30. Mayer, M. L., Vyklicky, L. J., and Clements, J. (1989) Regulation of NMDA receptor desensitization in mouse hippocampal

neurons by glycine. Nature 338, 425–427.
31. Parsons, C. G., Zong, X. G., and Lux, H. D., (1993) Whole cell and single channel analysis of the kinetics of glycine-sensi-

tive N-methyl-D-aspartate receptor desensitization. Br. J. Pharmacol. 109, 213–221.
32. Hashimoto, A. and Oka, T. (1997) Free D-aspartate and D-serine in the mammalian brain and periphery. Prog. Neurobiol. 52,

325–353.
33. Williams, K. (1997) Modulation and block of ion channels: a new biology of polyamines. Cell Signal 9, 1–13.
34. Johnson, T. D. (1996) Modulation of channel function by polyamines. Trends Pharmacol. Sci. 17, 22–27.
35. Kashiwagi, K., Pahk, A. J., Masuko, T., Igarashi, K., and Williams, K. (1997) Block and modulation of N-methyl-D-aspartate

receptors by polyamines and protons: role of amino acid residues in the transmembrane and pore-forming regions of NR1
and NR2 subunits. Mol. Pharmacol. 52, 701–713.

36. Williams, K., Zappia, A. M., Pritchett, D. B., Shen, Y. M., and Molinoff, P. B. (1994) Sensitivity of the N-methyl-D-aspartate
receptor to polyamines is controlled by NR2 subunits. Mol. Pharmacol. 45, 803–809.

37. Williams, K. (1994) Mechanisms influencing stimulatory effects of spermine at recombinant N-methyl-D-aspartate recep-
tors. Mol. Pharmacol. 46, 161–168.

38. Carter, C., Benavides, J., Legendre, P., et al. (1998) Ifenprodil and SL 82.0715 as cerebral anti-ischemic agents. II. Evidence
for N-methyl-D-aspartate receptor antagonist properties. J. Phramacol. Exp. Ther. 247, 1222–1232.

39. Gotti, B., Duverger, D., Bertin, J., et al. (1988) Ifenprodil and SL 82-0715 as cerebral anti-ischemic agents. I. Evidence for
efficacy in models of focal cerebral ischemia. J. Pharmacol. Exp. Ther. 247, 1211–1221.

40. Carter, C., Rivy, J. P., and Scatton, B. (1989) Ifenprodil and SL 82.0715 are antagonists at the polyamine site of the N-
methyl-D-aspartate (NMDA) receptor. Eur. J. Pharmacol. 164, 611–612.

41. Legendre, P. and Westbrook, G. L. (1991) Ifenprodil blocks N-methyl-D-aspartate receptors by a two-component mecha-
nism. Mol. Pharmacol. 40, 289–298.

42. Williams, K. (1993) Ifenprodil discriminates subtypes of the N-methyl-D-aspartate receptor—selectivity and mechanisms at
recombinant heteromeric receptors. Mol. Pharmacol. 44, 851–859.

43. Buller, A. L., Larson, H. C., Morrisett, R. A., and Monaghan, D. T. (1995) Glycine modulates ethanol inhibition of het-
eromeric N-methyl-D-aspartate receptors expressed in Xenopus oocytes. Mol. Pharmacol. 48, 717–723.

44. Morrisett, R. A. and Swartzwelder, H. S. (1993) Attenuation of hippocampal long-term potentiation by ethanol: a patch-
clamp analysis of glutamatergic and GABAergic mechanisms. J. Neurosci. 13, 2264–2272.

45. Mirshahi, T. and Woodward, J. J. (1995) Ethanol sensitivity of heteromeric NMDA receptors: effects of subunit assembly,
glycine and NMDAR1 Mg2+-insensitive mutants. Neuropharmacology 34, 347–355.

46. Lovinger, D. M. and Zieglgänsberger, W. (1996) Interactions between ethanol and agents that act on the NMDA-type gluta-
mate receptor. Alcohol. Clin. Exp. Res. 20, A187–A191.

47. Yang, X. H., Criswell, H. E., Simson, P., Moy, S., and Breese, G. R. (1996) Evidence for a selective effect of ethanol on N-
methyl-D-aspartate responses: ethanol affects a subtype of the ifenprodil-sensitive N-methyl-D-aspartate receptors. J. Phar-
macol. Exp. Ther. 278, 114–124.



406 Zieglgänsberger et al.

48. Hu, X. J., Follesa, P., and Ticku, M. K. (1996) Chronic ethanol treatment produces a selective upregulation of the NMDA
receptor subunit gene expression in mammalian cultured cortical neurons. Mol. Brain Res. 36, 211–218.

49. Blevins, T., Mirshahi, T., and Woodward, J. J. (1995) Increased agonist and antagonist sensitivity of N-methyl-D-aspartate
stimulated calcium flux in cultured neurons following chronic ethanol exposure. Neurosci. Lett. 200, 214–218.

50. Follesa, P. and Ticku, M. K. (1996) Chronic ethanol-mediated up-regulation of the N-methyl-D-aspartate receptor polypep-
tide subunits in mouse cortical neurons in culture. J. Biol. Chem. 271, 13,297–13,299.

51. Follesa, P. and Ticku, M. K. (1996) NMDA receptor upregulation: molecular studies in cultured mouse cortical neurons after
chronic antagonist exposure. J. Neurosci. 16, 2172–2178.

52. Hoffman, P. L., Bhave, S. V., Kumar, K. N., Iorio, K. R., Snell, L. D., Tabakoff, B., et al. (1996) The 71 kDa glutamate-bind-
ing protein is increased in cerebellar granule cells after chronic ethanol treatment. Mol. Brain Res. 39, 167–176.

53. Chandler, L. J., Sutton, G., Norwood, D., Sumners, C., and Crews, F. T. (1997) Chronic ethanol increases N-methyl-D-
aspartate-stimulated nitric oxide formation but not receptor density in cultured cortical neurons. Mol. Pharmacol. 51,
733–740.

54. Nagata, K., Aistrup, G. L., Huang, C. S., et al. (1996) Potent modulation of neuronal nicotinic acetylcholine receptor-channel
by ethanol. Neurosci. Lett. 217, 189–193.

55. Follesa, P. and Ticku, M. K. (1995) Chronic ethanol treatment differentially regulates NMDA receptor subunit mRNA
expression in rat brain. Mol. Brain Res. 29, 99–106.

56. Freund, G. and Anderson, K. J. (1996) Glutamate receptors in the frontal cortex of alcoholics. Alcohol. Clin. Exp. Res. 20,
1165–1172.

57. Breese, C. R., Freedman, R., and Leonard, S. S. (1995) Glutamate receptor subtype expression in human postmortem brain
tissue from schizophrenics and alcohol abusers. Brain Res. 674, 82–90.

58. Rossetti, Z. L. and Carboni, S. (1995) Ethanol withdrawal is associated with increased extracellular glutamate in the rat stria-
tum. Eur. J. Pharmacol. 283, 177–183.

59. Molleman, A. and Little, H. J. (1995) Increases in non-N-methyl-D-aspartate glutamatergic transmission, but no change in
gamma-aminobutyric acid (B) transmission, in CA1 neurons during withdrawal from in vivo chronic ethanol treatment. J.
Pharmacol. Exp. Ther. 274, 1035–1041.

60. Whittington, M. A., Lambert, J. D. C., and Little, H. J. (1995) Increased NMDA receptor and calcium channel activity
underlying ethanol withdrawal hyperexcitability. Alcohol Alcohol. 30, 105–114.

61. Karcz-Kubicha, M. and Liljequist, S. (1995) Effects of post ethanol administration of nmda and non-NMDA receptor antag-
onists on the development of ethanol tolerance in c57bi mice. Psychopharmacology. 120, 49–56.

62. Khanna, J. M., Morato, G. S., Chau, A., and Shah, G. (1995) D-Cycloserine enhances rapid tolerance to ethanol motor inco-
ordination. Pharmacol. Biochem. Behav. 52, 609–614.

63. Holter, S. M., Danysz, W., and Spanagel, R. (1996) Evidence for alcohol anti-craving properties of memantine. Eur. J. Phar-
macol. 314, R1–R2.

64. Hundt, W., Danysz, W., Holter, S. M., and Spanagel, R. (1998) Ethanol and N-methyl-D-aspartate receptor complex interac-
tions: a detailed drug discrimination study in the rat. Psychopharmacology 135, 44–51.

65. Bienkowski, P., Stefanski, R., and Kostowski, W. (1997) Discriminative stimulus effects of ethanol: lack of antagonism with
N-methyl-D-aspartate and D-cycloserine. Alcohol 14, 345–350.

66. Lin, N. and Hubbard, J.I. (1995) An NMDA receptor antagonist reduces ethanol preference in untrained but not trained rats.
Brain Res. Bull. 36, 421–424.

67. Hazell, A. S., Butterworth, R. F., and Hakim, A. M. (1993) Cerebral vulnerability is associated with selective increase in
extracellular glutamate concentration in experimental thiamine deficiency. J. Neurochem. 61, 1155–1158.

68. Dodd, P. R., Thomas, G. J., McCloskey, A., Crane, D. I., and Smith, I.D. (1996) The neurochemical pathology of thiamine
deficiency: GABA(A) and glutamate (NMDA) receptor binding sites in a goat model. Metab. Brain. Dis. 11, 39–54.

69. Kelly, D. F., Lee, S. M., Pinanong, P. A., and Hovda, D. A. (1997) Paradoxical effects of acute ethanolism in experimental
brain injury. J. Neurosurg. 86, 876–882.

70. Naassila, M., Hammoumi, S., Legrand, E., Durbin, P., and Daoust, M. (1998) Mechanism of action of acamprosate. Part I.
Characterization of spermidine-sensitive acamprosate binding site in rat brain. Alcohol. Clin. Exp. Res. 22, 802–809.

71. al Qatari, M., Bouchenafa, O., and Littleton, J. (1998) Mechanism of action of acamprosate. Part II. Ethanol dependence
modifies effects of acamprosate on NMDA receptor binding in membranes from rat cerebral cortex. Alcohol. Clin. Exp. Res.
22, 810–814.

72. Popp, R. L. and Lovinger, D. M. (2000) Interaction of acamprosate with ethanol and spermine on NMDA receptors in pri-
mary cultured neurons. Eur. J. Pharmacol. 394, 221–231.

73. Rammes G., Mahal B., Putzke J., et al. (2001) The anti-craving compound acamprosate acts as a weak NMDA-receptor
antagonist, but modulates NMDA-receptor subunit expression similar to memantine and MK-801. Neuropharmacology 40,
749–760.

74. Berton, F., Francesconi, W. G., Madamba, S. G., Zieglgänsberger, W., and Siggins, G. R. (1998) Acamprosate enhances N-
methyl-D-apartate receptor-mediated neurotransmission but inhibits presynaptic GABA(B) receptors in nucleus accumbens
neurons. Alcohol. Clin. Exp. Res. 22, 183–191.



Mechanism of Action of Acamprosate 407

75. Madamba, S. G., Schweitzer, P., Zieglgänsberger, W., and Siggins, G. R. (1996) Acamprosate (calcium acetylhomotaurinate)
enhances the N-methyl-D-aspartate component of excitatory neurotransmission in rat hippocampal CA1 neurons in vitro.
Alcohol. Clin. Exp. Res. 20, 651–658.

76. Zeise, M. L., Kasparov, S., Capogna, M. and Zieglgansberger, W. (1993) Acamprosate (calciumacetylhomotaurinate)
decreases postsynaptic potentials in the rat neocortex: possible involvement of excitatory amino acid receptors. Eur. J. Phar-
macol. 231, 47–52.

77. Dahchour, A., DeWitte, P., Bolo, N., et al. (1998) Central effects of acamprosate: Part 1. Acamprosate blocks the glutamate
increase in the nucleus accumbens microdialysate in ethanol withdrawn rats. Psychiat. Res. Neuroimag. 82, 107–114.

78. Dahchour, A., and De Witte, P. (1999) Acamprosate decreases the hypermotility during repeated ethanol withdrawal. Alcohol
18, 77–81.

79. Dahchour, A. and De Witte, P. (2000) Ethanol and amino acids in the central nervous system: assessment of the pharmaco-
logical actions of acamprosate. Prog. Neurobiol. 60, 343–362.

80. Putzke, J., Spanagel, R., Tolle, T. R., and Zieglgänsberger, W. (1996) The anti-craving drug acamprosate reduces c-fos
expression in rats undergoing ethanol withdrawal. Eur. J. Pharmacol. 317, 39–48.

81. Spanagel, R., Sillaber, I., Zieglgänsberger, W., Corrigall, W. A., Stewart, J., and Shaham, Y. (1998) Acamprosate suppresses
the expression of morphine-induced sensitization in rats but does not affect heroin self-administration or relapse induced by
heroin or stress. Psychopharmacology 139, 391–401.

82. Spanagel, R., Putzke, J., Stefferl, A., Schobitz, B., and Zieglgansberger, W. (1996) Acamprosate and alcohol: II. Effects on
alcohol withdrawal in the rat. Eur. J. Pharmacol. 305, 45–50.

83. Grant, K. A. and Woolverton, W. L. (1989) Reinforcing and discriminative stimulus effects of Ca-acetyl homotaurine in ani-
mals. Pharmacol. Biochem. Behav. 32, 607–611.

84. Pascucci, T., Cioli, I., Pisetzky, F., Dupre, S., Spirito, A., and Nencini, P. (1999) Acamprosate does not antagonise the dis-
criminative stimulus properties of amphetamine and morphine in rats. Pharmacol. Res. 40, 333–338.

85. Kratzer, U. and Schmidt, W. J. (1998) The anti-craving drug acamprosate inhibits the conditioned place aversion induced by
naloxone-precipitated morphine withdrawal in rats. Neurosci. Lett. 252, 53–56.

86. Schneider, U., Wohlfahrt, K., SchulzeBonhage, A., Haacker, T., Caspary, A., Zedler, M., et al. (1998) Lack of psy-
chotomimetic or impairing effects on psychomotor performance of acamprosate. Pharmacopsychiatry 31, 110–113.

87. Spanagel, R., Zieglgänsberger, W., and Hundt, W. (1996) Acamprosate and alcohol: III. Effects on alcohol discrimination in
the rat. Eur. J. Pharmacol. 305, 51–56.





28
The NMDA/Nitric Oxide Synthase Cascade in Opioid

Analgesia and Tolerance

Gavril W. Pasternak, MD, PhD and Yuri Kolesnikov, MD, PhD

1. INTRODUCTION

Despite their widespread use in the management of pain, opioids have a number of issues that limit
their overall utility. Chronic use of opioids is associated with a progressive decline in their analgesic
efficacy, an effect commonly termed tolerance. Although analgesic responses can usually be regained
with escalation of the dose, the therapeutic index of these drugs decreases with tolerance because tol-
erance develops to various opioid actions at different rates, making the clinical management of
patients more difficult. Thus, understanding the ways in which tolerance can either be eliminated or
diminished would be a significant advantage in the therapeutic use of these agents.

2. NMDA/ NITRIC OXIDE CASCADE IN OPIOID TOLERANCE 
AND DEPENDENCE

A number of years ago, several laboratories reported that opioid tolerance could be impeded by the
blockade of N-methyl-D-aspartate (NMDA) receptors (1,2), findings that were quickly confirmed by a
large number of laboratories (3–8). In brief, the blockade of NMDA receptors prevents tolerance with-
out interfering with opioid analgesia. This is a remarkable observation because it clearly dissociates
the mechanisms responsible for the two. A wide range of NMDA antagonists are effective, including
those that are both competitive and noncompetitive and even agents working on the glycine regulatory
site. In general, we have found marked similarities between µ and δ systems, with δ tolerance showing
the same reversal with NMDA (4,8–11).

N-Methyl-D-aspartate receptors are closely associated with nitric oxide synthase (NOS) (12,13),
leading to the question of whether nitric oxide (NO) also is involved in modulation of opioid tolerance.
Shortly after the initial reports with NMDA antagonists, we explored the involvement of nitric oxide
using inhibitors of the enzyme nitric oxide synthase (NOS), including NG-nitroarginine (NOArg).
Whereas the response to a fixed morphine dose alone progressively declined and was not observed
after 5 d, coadministration of NOArg maintained significant analgesia for 4 wk (Fig. 1). Chronic
administration of morphine alone in this paradigm led to a twofold shift of the dose-response curve by
5 d (Table 1). Even though we did not see any analgesia at this morphine dose after 5 d, continued
administration of morphine increased the levels of tolerance even further, as shown by the progressive
increase in the median effective dose (ED50)) values at 10 and 28 d to fourfold and eightfold, respec-
tively (Table 1). Yet, after 10 d of morphine coadministered with NOArg, the ED50 value was virtually
the same as in naive mice. Tolerance to either the κ1 drug U50, 488H or the κ3 agent naloxone ben-
zoylhydrazone (NalBzoH) were not affected by NOArg in this paradigm, implying that κ tolerance
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involved different mechanisms. As noted earlier, δ tolerance showed the same sensitivity to these treat-
ments as morphine (4,8–11).

Because blockade of NOS potentiated opioid action over time, eliminating tolerance, we also
explored whether the opposite was true. L-Arginine is the natural substrate for the production of NO and
its administration can induce NO formation. A single dose of L-arginine lowered morphine analgesic
activity, but the effect was more pronounced after L-arginine was given alone over a few days (Table 1).
Coadminsitration of NOArg, however, prevented the effects of L-arginine, confirming its actions through
NOS. As expected, D-arginine, which is not a substrate for NOS, was ineffective. Again, we observed
differences between µ and κ systems, with κ systems insensitive to these treatments.

Can tolerance be reversed once it develops? If NOArg is added to the chronic morphine treat-
ment after tolerance is established, the animals regained their sensitivity toward morphine despite

Table 1
Effects of Modulators of NOS on Morphine Analgesia

Morphine ED50 value (mg/Kg, sc)

Treatment Without NOArg With NOArg

Morphine
Acute 4.4 (3.6, 5.3) 3.9 (2.8, 5.4)
5 d 8.8 (6.2, 11) 4.6 (3.1, 6.7)

10 d 17 (12, 24) 5.8 (4.0, 8.7)
28 d 38 (27, 51)

L-Arginine
Acute 6.6 (4.8, 8.5)
3 d 9.9 (7.5, 13)
5 d 10 (7.0, 14) 4.0 (3.6, 5.7)

10 d 8.7 (6.1, 12)
D-Arginine

Acute 4.6 (2.7, 5.9)
5 d 4.4 (2.4, 6.1)

Source: Data from refs. 14 and 15.

Fig. 1. Effect of NOArg on morphine analgesia. Mice received morphine (5 mg/kg, sc) alone or in combination
with NOArg. (2 mg/kg, sc) once daily. By d 10, the morphine-alone group differed significantly from the morphine
+ NOArg group (p < 0.001). (Data from ref. 14).
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its continued administration. Thus, the blockade of NOS receptor blockade restored analgesic sen-
sitivity in morphine-tolerant animals. In addition to opening a novel therapeutic approach toward
ameliorating tolerance, these observations also have implications with regard to the mechanism of
tolerance. It suggests that tolerance is not a static state, but rather a dynamic one balancing factors
that are inducing it and others acting to restore analgesic sensitivity.

Physical dependence has long been associated with tolerance, although there are suggestions that
their mechanisms may differ (16,17). NOArg also attenuated signs of morphine dependence in mice,
although higher doses of drug seemed to be needed (14). Others reported similar findings (18,19).

3. ANTISENSE MAPPING NOS AND OPIOID TOLERANCE

Although NOArg and other NOS inhibitors clearly implied a role for nitric oxide in morphine toler-
ance, some observations were not easily reconciled. Given supraspinally, NOArg potentiated systemic
morphine analgesia. However, spinal NOArg had the opposite effect, lowering systemic morphine
analgesia in a dose-dependent manner (Fig. 2) (20). Earlier work from our laboratory had found no
effect of NOArg given systemically on morphine analgesia, presumably the result of the simultaneous
inhibition of the opposing spinal and supraspinal systems. How could these opposite actions between
supraspinal and spinal systems be reconciled? Supraspinally, NO impedes morphine analgesia, as
shown by the acute effects of supraspinal NOArg and its role in inducing tolerance. Yet, at the spinal
level, NO is integrally related to the production of morphine analgesia because its blockade impairs
morphine’s analgesic response.

These differences between spinal and supraspinal NOS actions may be simply because of the cir-
cuitry of the region. However, it also was possible that these actions might be mediated through differ-
ent enzymes, particularly because a number of nNOS splice variants have been reported (21–23). By
designing antisense probes against individual exons, it is possible to selectively downregulate individ-
ual splice variants, a technique termed antisense mapping (24–25). We compared the pharmacology of
a major isoform of neuronal nitric oxide synthase (nNOS-1) with a variant lacking exons 9 and 10
(nNOS-2). By specifically targeting exon 10 with an antisense probe (Fig. 3A), we were able to down-
regulate the major isoform (nNOS-1), as determined by reverse transcription – polymerase chain reac-
tion (RT-PCR). Furthermore, this did not interfere with the levels of the other splice variant (nNOS-2)

Fig. 2. Effect of acute spinal and supraspinal NOArg on morphine analgesia. Groups of mice received the indi-
cated dose of NOArg either spinally or supraspinally, followed by morphine (5 mg/kg, sc) 30 min later. Results are
from ref. 20.)
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that lacked exons 9 and 10 (Fig. 3B). Selectively downregulating nNOS-2 proved more difficult
because all of the sequences in this variant were also contained within the sequence of nNOS-1. How-
ever, we were able to accomplish this by designing a probe across the exon 8/11 splice junction. The
antisense probe effectively downregulated nNOS-2, but not nNOS-1, mRNA (Fig. 3B). Presumably,
the length of sequence on either side of the splice site alone capable of annealing to the antisense
oligodeoxynucleotide was insufficient for activity and the probe required the full sequence, which was
only available in nNOS-2.

Antisense mapping defined interesting, and distinct, pharmacological profiles for the two vari-
ants. Downregulation of nNOS-2 either spinally or supraspinally markedly impaired morphine
analgesia acutely (Fig. 4), implying that nNOS-2 was important in the production of morphine anal-
gesia. In contrast, the antisense probes selective for nNOS-1 all blocked morphine tolerance with-
out interfering with its analgesic actions (Fig. 5). Thus, antisense mapping has defined two distinct

Fig. 3. Antisense mapping nNOS-1 and nNOS-2. (A) A schematic of the nNOS gene is presented that illus-
trates the portion of the gene that differs between nNOS-1 and nNOS-2. The sites targeted by the antisense probes
are indicated by the heavy lines. Note: Antisense C spans the splice site between exons 8 and 11. (B) RT-PCR was
performed on extracts of the periventricular gray following antisense treatment with the indicated antisense probe.
The bands were digitized and plotted as percent of control. (From ref. 20.)
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nitric oxide systems. Activation of nNOS-2 was important in producing morphine analgesia,
whereas activation of nNOS-1 acted in an opposite manner by diminishing morphine’s analgesic
responses. Thus, the effects of NOS inhibitors such as NOArg are due to the simultaneous inactiva-
tion of both systems, with the pharmacological responses dependent on the relative importance of
each in the region examined. Presumably, the actions of nNOS-2 predominate spinally because the
NOS inhibitor given spinally impairs morphine analgesia, whereas nNOS-1 predominates
supraspinally because the NOS inhibitor given supraspinally enhances morphine responses.

Fig. 4. Effects of nNOS antisense probes on morphine analgesia. Groups of animals were treated with the indi-
cated antisense or mismatch (5 µg) treatment either supraspinally or spinally on d 1, 3, and 5 and then tested with
morphine (5 mg/kg, sc). Antisense C, selective for nNOS-2, lowered morphine analgesia in both regions
(p < 0.001). Results are from ref. 20.)

Fig. 5. Effects of nNOS antisense probes on morphine tolerance. Groups of animals were treated with the indi-
cated antisense or mismatch (5 µg) treatment supraspinally on d 1, 3, and 5. On the last day of oligodeoxynu-
cleotide treatment (d 1), the mice received daily morphine injections (5 mg/kg, sc). Analgesic responses following
the d 1 and the d 5 morphine doses are presented. Tolerance developed in the mismatch animals (p < 0.001), but
not in the antisense animals. Note that antisense C was not examined because it lowered morphine analgesia
acutely, making its interpretation quite difficult. (Data from ref. 20.)
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4. LACK OF TOLERANCE IN 129/SvEv MICE

The earlier studies showed the importance of the NMDA receptor/nitric oxide synthase cascade
when they were dissected pharmacologically. Recently we demonstratd that defects in this cascade
occurred naturally (26), results that have since been confirmed (27). Most knockout mice strains are
generated from ES cells from the 129/SvEv strain and we wanted to confirm its genetic background
pharmacologically before embarking upon detailed tolerance studies in knockout mice. We were quite
surprised to see that chronic administration of morphine in the 129/SvEv animals did not result in tol-
erance, regardless of whether morphine was given by pellet (Fig. 6), systemic injection, or
supraspinally (26). Furthermore, tolerance to the δ-selective drug [D-Pen2,D-Pen5]enkephalin
(DPDPE) also was lost in the 129/SvEv mice. In our earlier study, blockade of NOS prevented toler-
ance to morphine, but not κ drugs. Similarly, 129/SvEv mice developed tolerance to the κ1 agent U50,
488H and the κ3 drug NalBzoH at a rate indistinguishable from the traditional strains. Thus, the
129/SvEv mice show the same pharmacological profile as previously seen with NMDA antagonists
and NOS inhibitors.

We then further examined the site of the defect along the NMDA/NO cascade. In CD-1 mice,
NMDA given for 5 d shifted the dose-response curve fourfold. In contrast, the NMDA treatment had
little demonstrable effect in the 129/SvEv mice, with only a 1.1-fold shift. We explored the actions of
nitric oxide by administering L-arginine, the precursor that enhances the generation of nitric oxide.
After 3 d, L-arginine shifted the morphine dose-response curve 2.7-fold to the right in the 129/SvEv
mice, a response quite similar to that of the CD-1 mice (Table 2). Together, these findings imply that
the nitric oxide synthase system is intact and the defect exists at either the NMDA receptor itself or a
site further downstream, but before nitric oxide synthase. Thus, defects in the NMDA/NO cascade
exist naturally, which raises interesting questions regarding genetic differences in the development of
tolerance that may extend into the clinical arena.

5. CONCLUSIONS

The NMDA receptor/nitric oxide synthase cascade has been implicated in many functions, includ-
ing opioid tolerance. A variety of NMDA antagonists effectively block tolerance in animal models,
including both competitive and noncompetitive antagonists and agents acting through the glycine site.
Similarly, studies also have implicated the major variant of nNOS, nNOS-1, in the development of tol-
erance. It was interesting to find that a different nNOS variant, nNOS-2, had opposing actions.

Fig. 6. Effects of chronic morphine in CD-1 and 129/SvEv mice. Groups of mice received morphine pellets
(75 mg free base) on d 1 and analgesia was assessed at the indicated time. Results are from ref. 26.
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Because NOS inhibitors do not distinguish between these variants, their actions reflect the blockade of
both systems and the pharmacological activity is likely the result of the net difference between the two
systems. Clearly, selective inhibitors of these variants would be interesting pharmacologically. A major
question is whether this cascade is a therapeutic target clinically. A number of NMDA receptor antag-
onists have been developed, but they have not been widely used because of psychotomimetic side
effects. Nitric oxide synthase inhibitors have the potential of serious vascular adverse effects. Yet, the
more basic question is the overall importance of the NMDA/NOS cascade in opioid tolerance. It is
important to note that most studies documenting the role of the cascade in tolerance have examined
low levels of opioid tolerance. It is not entirely clear that the same mechanisms are important in more
profound tolerance, as is often seen in clinical situations. Opioid tolerance is likely to involve a vast
array of mechanisms, ranging from the receptor itself, to transduction systems within the cell, to cir-
cuitry. Thus, the question of the therapeutic potential of blockers of this cascade remains open. How-
ever, it is tantalizing to consider the possibility that analgesic tolerance can be prevented through
inhibition of this cascade while tolerance still develops to the side effects associated with opioid use.
For example, inhibition of gastrointestinal motility and respiratory depression undergo tolerance more
slowing than analgesia, implying that they may involve different mechanisms of tolerance.
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Overview of Clinical Studies for Acamprosate

Adriaan S. Potgieter, MD

1. INTRODUCTION

The first double-blind, placebo-controlled study to test the efficacy of acamprosate in alcohol-
dependent patients took place in France in 1982, and results were published by Lhuintre et al. in 1985
(1). Since then, more than 25 clinical studies have been performed, assessing various efficacy and
safety criteria within the context of varying clinical settings and psychosocial support systems. Seven-
teen of these studies, which included a total of 4523 patients (2371 on acamprosate, 2152 on placebo),
were double-blind studies primarily designed to establish efficacy and to evaluate drug safety. The first
market authorization was granted in France in 1989. At present, acamprosate is registered in Europe
(19 countries), Latin America (14 countries), Mauritius, Australia, and Hong Kong. An application in
the United States is pending. This chapter will summarize clinical evidence and other information
obtained through the trials on acamprosate. Information was obtained mainly from published data, but
when these were incomplete, additional data were obtained through examination of original study
reports (2).

2. PHARMACODYNAMICS AND KINETICS

Acamprosate is available as gastro-resistant 333-mg tablets at a recommended daily dosage of four
to six tablets per day, to be taken three times daily. It is poorly and slowly absorbed from the gastroin-
testinal tract via the paracellular route (3). The absolute bioavailability is 11.1%. Steady-state plasma
levels are reached after 5–7 d of administration. Interaction studies have confirmed that after a single
administration with food, absorption is decreased by approx 20%.

3. DOUBLE-BLIND STUDIES

Eighteen double-blind, placebo-controlled clinical studies have been completed since 1982. Of
these, 17 were performed in Europe (see Table 1) and 1 in the United States. The results of the latter
project have not been released by the sponsoring company. Sixteen of the 18 studies employed DSM
criteria for diagnosis of alcohol dependence. Patients were between the ages of 18 and 65 and treat-
ment periods varied from 3 to 12 mo. Other drug dependencies were always excluded.

In all but two of the studies, patients had to have already withdrawn from alcohol and started the
study medication immediately after the acute period of detoxification (which, on average, lasted
between 3 and 14 d). The reason for not starting during the acute withdrawal period was to isolate the
drug effect from possible confounding effects of concomitant psychotropic and anticonvulsive detoxi-
fication medications. Exceptions to this policy were in the trial performed in Spain by Gual and collab-
orators (4), who introduced the study medication from the first day of weaning, and in the UK study by
Chick and collaborators (5), who allowed a period of “stabilization” or washout of up to 5 wk after the
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Table 1
Double-Blind Studies with Acamprosate

No. of Treatment Follow-up Time Abstinence rate 
patients duration duration to first at last visit on

Study A: P (mo) (mo) CAD (d) drink (d) treatment (%)

Three Month Studies
Lhuintre et al. 85 3 0 N/A N/A N/A

(France 1982–1983) A: 42
P: 43

Lhuintre et al. 569 3 3 N/A N/A N/A
(France 1984–1990) A: 279

P: 290
Rousseaux et al 127 3 0 N/A N/A A: 29

(Belgium 1987–1989) A: 63 P: 33
P: 64

Pelc et al. 188 3 0 A1998: 56.6 A1998: 56 A1998: 51
(Belgium 1990–1992) A1998: 63 A1332: 51.9 A1332: 55 A1332: 44

A1332: 63 P: 34.3 P: 15 P: 26
P: 62

No. of Treatment Follow-up  Mean  Mean time  Abstinence rate  
Patients duration duration CAD to first at last visit on

Six Month Studies A: P (mo) (mo) (%) drink (d) treatment (%)

Pelc et al. 102 6 6 A: 33% N/A A: 33
(Belgium 1988–1990) A: 55 P: 27% P: 9

P: 47
Ladewig et al. 61 6 6 A: 43% N/A A: 43

(Switzerland 1989–1991) A: 29 P: 24% P: 23
P: 32

Poldrugo et al. 246 6 6 A: 72% A: 151 A: 48
(Italy 1989–1993) A: 122 P: 59% P: 61 P: 32

P: 124
Tempesta et al. 330 6 3 A: 66% A: 135 A: 58

(Italy 1989–1993) A: 164 P: 54% P: 58% P: 45
P: 166

Geerlings et al. 262 6 6 A: 34% A: 45 A: 25
(Benelux countries 1990–1992) A: 128 P: 24% P: 15 P: 13

P: 134
Chick et al. 581 6 1.5 A: 43% A: 37 A: 23
(United Kingdom 1990–1993) A: 289 P: 45% P: 40 P: 24

P: 292
Borg et al. 14 6 0

(Sweden 1991–1993) A: 7
P: 7

Gual et al. 288 6 0 A: 52%
(Spain) A: 141 P: 41%

P: 147

(continues)
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acute weaning treatment. The latter study resulted in some patients (32%) relapsing between the acute
weaning phase and inclusion into the acamprosate study.

Most earlier studies differentiated medication dosage according to body weight (1998 mg/d for
patients over 60 kg and 1332 mg/d for patient under 60 kg), but this practice proved to be nonessential
and has been altered in some countries to dosage regimens irrespective of body weight.

Psychosocial support and treatment protocols in the European studies were not manual driven, and
participating centers were allowed to follow local clinical practices as usual with the simple addition
of the double-blinded test medication. The exception was the US study, where a manual for the psy-
chosocial therapy was used. Several open-label studies were also conducted that provided additional
information on the usage of psychosocial programs with acamprosate, including the NEAT studies (6)
and the Micado study (7).

In all investigations, the study medication was withdrawn at the end of the study period without
tapering dosages. All of the projects except for two of them (see Table 1) continued to evaluate patients
after study drug withdrawal for periods varying between 6 wk and 1 yr.

Outcome assessment in all studies was primarily considered total abstinence, rather than controlled
or reduced drinking. Outcome measures included trials to first drink, proportion of patients drinking,
abstinent throughout the study period, and cumulative number of abstinent days.

3.1. General Results
A total of 4523 patients were included in the 17 European double-blind studies; 2371 received

acamprosate and 2152 received placebo. Between 16% and 31% of patients were females, and the
mean age was 42.79 yr. No race differentiation was recorded.

Table 1
(Continued)

No. of Treatment  Follow-up  Abstinence rate 
patients duration duration Time to first at last visit on 

Twelve Month Studies A: P (mo) (mo) CAD (%) drink (d) treatment (%)

Paille et al 538 12 6 A1998: 62 A1998: 153 A1998: 35
(France 1989–1992) A1998: 173 A1332: 55 A1332: 55 A1332: 136

A1332: 28
(Published 1995) A1332: 188 P: 48 P: 102 P: 19

P: 177
Barrias et al. 302 12 6 A: 49% A: 111 A: 39

(Portugal 1989–1992) A: 150 P: 36% P: 55 P: 26
P: 152

Whitworth et al. 448 12 12 A: 39% A: 55 A: 30
(Austria 1989–1993) A: 224 P: 30% P: 43 P: 21

P: 224
Besson et al. 118 12 12 A: 40% A: 55 A: 30

(Switzerland 1989–1993) A: 31 A+D: 55% P: 43 P: 21
A+D: 24 P: 21%
P: 33 P+D: 31%
P+D: 22

Sass et al. 272 12 12 A: 62% A: 165 A: 43
(Germany 1990–1992) A: 136 P: 45% P: 112 P: 21

P: 136

Note: A = acamprosate; P = placebo; CAD = cumulative abstinence duration.
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3.2. Dose Ranging Study Summaries
3.2.1. Paille et al. (France 1989–1992) (Published 1995) (8).

Although preliminary open-dose ranging studies had been performed earlier (Poinso et al. unpub-
lished data, from Merck/Lipha, France 1986), the first double-blind dose ranging study was initiated in
1989 by Paille et al. (8). Five hundred thirty-eight alcohol-dependent patients were administered either
1332 mg or 1998 mg of acamprosate or placebo daily for 12 mo and were then followed for an addi-
tional period of 6 mo during which all patients received placebo. The study demonstrated enhanced
efficacy with no increase in adverse events for patients treated at the higher dose of acamprosate. The
mean cumulative abstinence duration (CAD) of the patients receiving 1998 mg acamprosate was 223
d; for 1332 mg acamprosate, 198 d; and for placebo, 173 d. The difference between the 1998-mg
acamprosate group and placebo reached statistical significance (p = 0.0005), whereas differences
between the 1332-mg acamprosate and placebo groups failed to achieve significance (p = 0.055).
Another criteria, continuous abstinence, showed greatest efficacy for the 1998-mg dose of acamprosate
and the lowest for placebo. Although many patients dropped out during the last 6 mo of placebo fol-
low-up, it nevertheless appeared that the treatment advantage observed during the first 12 mo was
maintained. Interestingly, craving and γ-glutamyl transferase (GGT) levels did not significantly differ
between the two active medication groups.

3.2.2. Pelc et al. (Belgium 1990–1992) (9)
This study of 188 alcohol-dependent patients tested the same dose range as in the study by Paille et

al. in France, but covered a period of 3 mo and included a placebo follow-up period following the
active treatment period. The differences between the acamprosate and placebo treatments significantly
favored the active medication. Although trends identical to these found in the Paille et al. study were
noted (i.e., better efficacy and equal numbers of adverse regardless of dose), differences between the
two acamprosate dosages were less pronounced. The study also found fewer dropouts in the acam-
prosate groups than in the placebo-treated group.

3.2.3. Mason et al. (United States 1997–1999)
This study included one group of patients receiving 2 g acamprosate per day and a smaller group

receiving 3 g acamprosate per day. The results of this study are not released yet.

3.3. Single-Dose Studies
3.3.1. Studies with 3-mo Active Treatment Period

Four studies covering treatment periods of 3 mo were performed between 1982 and 1992. Three
reported significantly better outcomes on acamprosate than on placebo.

3.3.1.1. LHUINTRE ET AL. (FRANCE 1982–1983) (10)
This was the first double-blind, placebo-controlled study using acamprosate with alcohol-depend-

net patients. Eight-five patients were tested on a dosage of 25 mg acamprosate per kg body weight,
but not less than 1500 mg nor more than 2500 mg per day. Psychosocial supportive treatment was
permitted. Of the 70 patients who completed the study, 61% of those on acamprosate maintained
abstinence and had normalization of GGT and mean corpuscular volume (MCV) versus 32% on
placebo (p = 0.02). The success of this study stimulated the subsequent extensive development pro-
gram with the drug.

3.3.1.2. LHUINTRE ET AL. (FRANCE 1984–1986) (11)
This study in 569 patients from 31 centers in France had as a primary outcome criterion normaliza-

tion of GGT in alcohol-dependent patients. All patients received 1332 mg acamprosate or matching
placebo. Psychosocial supportive treatment was permitted and patients were followed for 3 mo with-
out treatment and after medication was ceased. At the end of the active treatment period, GGT levels in
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patients treated with acamprosate were significantly lower than those of patients on placebo (p <
0.016). In addition, tongue trembling significantly improved in more patients on acamprosate than on
placebo. Data on drinking behavior were not reported. The authors noted that patients of lower body
weight experienced more favorable outcome on acamprosate. This was viewed as evidence of a possi-
ble dose-related effect with the study drug. The results were considered to be compelling significant
confirmation of efficacy, and authorization was granted to market the drug in France in 1989.

3.3.1.3. ROUSSEAUX ET AL. (BELGIUM 1987–1989) (12)
This single-center study included 127 patients—45 alcohol abusing and 82 alcohol dependent—

distributed equally between treatment groups, with 90 patients completing the 3-mo treatment
period. Outcome criteria included absolute abstinence and objective markers such as GGT and red
cell MCV, but not duration of abstinence. The study medication was dose-adjusted according to the
following regimen: Patients below 60 kg body weight received 1332 mg acamprosate daily and those
above 60 kg received 1998 mg acamprosate daily or matching placebo. At the end of the study, 21
patients on placebo and 18 on acamprosate were abstinent and improvements in GGT and MCV
were comparable in both treatment groups. The study therefore failed to demonstrate any therapeutic
advantage of acamprosate.

3.3.1.4. PELC ET AL. (BELGIUM 1990–1992) (9)
This dose ranging study comparing outcomes among 1998 mg and 1332 mg acamprosate and

matching placebo confirmed the efficacy of acamprosate and is discussed in detail in the above section
on dose ranging studies.

3.3.2. Studies with 6 mo Active Treatment Period
Between 1988 and 2000, nine of the placebo-controlled studies performed with acamprosate tested

the drug over a 6-mo active treatment period. The European studies were conducted in eight different
countries, whereas the other study was conducted in the United States Despite some differences in
methodology, primary outcome criteria were reasonably consistent across projects and evaluated the
time to first drink, proportion of patients relapsing, abstinence period throughout the study period, and
CAD. European study protocols permitted a liberal approach for concomitant psychosocial interven-
tion, allowing institutional practices of the different participating centres, whereas the study in the
United States used a manual-driven psychosocial intervention for all patients. Eight studies had fol-
low-up periods (varying between 1.5 and 6 mo) after termination of active study medication.

Five of the eight European studies reported significantly better outcome in the main criteria of effi-
cacy in favor of acamprosate.

3.3.2.1. PELC ET AL. (BELGIUM 1988–1990) (13)
This study reported on outcome of 102 alcohol-dependent patients from 5 treatment centers. As in

the Rousseaux study (12), the daily dose of acamprosate was adjusted as follows: Patients below 60 kg
body weight received 1332 mg acamprosate, whereas those above 60 kg received 1998 mg acam-
prosate. Attrition rates were high, with 79% of patients on placebo and 56% of those on acamprosate
dropping out before the end of the 6-mo period. Patients on acamprosate demonstrated significantly
longer CAD (60 vs 40 d) and a higher rate of complete abstinence (24% vs 4%). Measures of clinical
global impression, depression, anxiety, craving, and psychological and physiological dependence did
not reveal differences between treatment groups.

3.3.2.2. LADEWIG ET AL. (SWITZERLAND 1989–1991) (14,15)
During 1989, four acamprosate studies with treatment periods of 6 mo (and five studies with

treatment periods of 12 mo—see below) were started in different European countries. The study by
Ladewig et al. (14) in Switzerland was the smallest of these and reported results in 61 alcohol-depen-
dent patients from 3 centers. As in the 1987 Rousseaux (12) and the 1988 Pelc (9) studies, the study
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medication was dose-adjusted according to body weight below or above 60 kg for 1332 mg or 1998
mg acamprosate, respectively. The 6-mo treatment period was followed by a 6-mo drug-free follow-
up period. Patients on acamprosate had significantly longer CAD (121 vs 78 d). Thirty-eight percent
of acamprosate patients and 24% of placebo patients were abstinent at the end of the treatment
period. Although the difference in proportions remained during the follow-up period, the statistical
difference disappeared.

3.3.2.3. POLDRUGO ET AL. (ITALY 1989–1993) (16)
This study in northern Italy included alcohol-dependent patients who participated in a postwith-

drawal community-based alcohol-treatment program. Acamprosate dose were adjusted according to
body weight and use of concomitant disulfiram was allowed. Two hundred forty-six patients were ana-
lyzed, including 112 patients completing the 6-mo treatment period and 101 finishing the 6 mo of
drug-free follow-up. Patients treated with acamprosate experienced a higher rate of abstinence at the 3-
and 6-mo treatment periods, longer CAD at 6 mo (99 vs 70 d) and 12 mo follow-up (168 vs 120 d),
and longer time to first relapse (150 vs 61 d). Disulfiram did not appear to influence the outcome.

3.3.2.4. TEMPESTA ET AL. (ITALY 1989–1993) (17)
Three hundred thirty alcohol-dependent patients from 18 centers in southern Italy participated in

this study of 6-mo treatment with 3 mo follow-up. After 6 mo of treatment, 25% dropped out. Patients
on acamprosate had significantly higher continuous-abstinence rates, longer CADs, and longer periods
before the first relapse occurred. Whereas most studies on acamprosate assessed outcome according to
measures of abstinence (proportion and duration), this study also reported outcome in terms of alcohol
consumption during periods of relapse. Some significant, ableit limited, differences in the quantity and
frequency of drinking in those patients who relapsed were reported suggesting that patients on acam-
prosate consumed less alcohol during relapse periods. As with most other studies in the acamprosate
development program, differences between treatment groups could be not detected for depression and
anxiety levels or measurements associated with craving or desire to drink.

3.3.2.5. GEERLINGS ET AL. (THE BENELUX COUNTRIES 1990–1992) (18)
Two hundred sixty-two patients from Belgium, the Netherlands, and Luxembourg participated in

this study, which was characterized by a 6-mo follow-up period after the 6-mo active treatment phase.
The drug dose was adjusted to body weight and, as with all other studies, abruptly terminated at the
end of the active study period, (i.e., without any tapering down of dosage). Drug compliance based on
pill count was 86%. The study suffered from high attrition rates (64% over the first 6 mo and another
16% over the second 6-mo follow-up period), but, nevertheless, demonstrated significant treatment
effects in favor of acamprosate. The therapeutic advantage seemed to have been maintained during the
drug-free follow-up period, although the number of subjects at the end of the period were too small to
statistically conclude this.

3.3.2.6. CHICK ET AL. (UNITED KINGDOM 1990–1993) (5)
This study comprised patients up to 7 wk after an acute withdrawal treatment, a longer period than

any of the other studies. Hence, 32% of the 581 patients included in the study had already relapsed
after the required withdrawal treatment and before their inclusion into the study. All patients on acam-
prosate received 1998 mg/d. Sixty-five percent had dropped out after 6 mo and general compliance to
drug-taking was considered low by the authors, with 57% of patients taking 90% of the total pills. No
therapeutic advantage of acamprosate over placebo to reduce relapse was observed. Interestingly,
patients treated with acamprosate had significantly lower craving scores after 2 and 4 wk of treatment
and lower levels of anxiety after 4 wk. The authors noted that this study differed from other acam-
prosate studies in that patients suffered more social problems, received less psychosocial support, and
were more likely to be episodic drinkers. Although none of the patients who relapsed during the
washout period attained complete abstinence, no specific responder profile could be identified.
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3.3.2.7. BORG ET AL. (SWEDEN 1991–1993) (UNPUBLISHED DATA, MERCK/LIPHA, FRANCE)
This small study of only 14 patients was designed for close daily monitoring of patients during 6

mo of treatment, rather than intended as a comparative study with the objective to demonstrate treat-
ment differences. Over the 6-mo treatment period, alcohol consumption was measured three times per
week, serum analyses for alcohol markers conducted weekly, and urine analysis for ethanol and 5-
hydroxytryptophol performed daily. Ten patients completed the study. Abstinence varied between 73%
and 100% of treatment days, but the sample was too small to detect possible differences between treat-
ment groups.

3.3.2.8. GUAL ET AL. (SPAIN 1993–1994) (4)
The 288 patients in this study began daily acamprosate (1998 mg) or matching placebo concomi-

tantly with the start of acute withdrawal treatment. This earlier introduction of acamprosate in the
treatment regimen was hypothesized to potentially enhance drug efficacy, because plasma steady state
for acamprosate takes approximately 5 d to develop. The study confirmed significantly longer CAD
and longer periods of abstinence after the last relapse with acamprosate. In addition, the measure of
continuous abstinence revealed some trend in favor of acamprosate, although this was not statistically
significant. Nonetheless, the study failed to suggest some clinical advantage of starting acamprosate
earlier, although this possibility merits a direct study. Finally, no adverse interaction occurred between
acamprosate and the early-withdrawal treatment regimens.

3.3.3. Studies with a 12-mo Active Treatment Period
3.3.3.1. PAILLE ET AL. (FRANCE 1989–1992) (PUBLISHED 1995) (6)

This dose ranging study was discussed in Section 3.2.1.

3.3.3.2. BARRIAS ET AL. (PORTUGAL 1989–1992) (19)
Three hundred two alcohol-dependent patients from 14 centers participated in this study of 12 mo

treatment and 6 mo follow-up. Study medication was dose adjusted for body weight. Patients on ben-
zodiazepines for more than 1 mo prior to the study were permitted to continue this practice during the
study, and new prescriptions of concomitant oxazepam and temazepam were allowed for periods not
exceeding 2 wk. Thirty percent of patients dropped out during the first 6 mo, 14% during the second 6
mo, and 9% during the last 6 mo. The proportion of abstinent patients, time to first relapse, and CAD
were all showed a significant advantage for acamprosate during the active treatment period. During the
follow-up period, the difference between the two groups became less marked.

3.3.3.3. WHITWORTH ET AL. (AUSTRIA 1989–1993) (20)
Four hundred forty-eight alcohol-dependent patients from five treatment centers with similar psy-

chosocial treatment programs participated in this study of 12 mo treatment and 12 mo follow up. As
with most studies, acamprosate dosage was adjusted for body weight. Sixty percent of patients
dropped out during the treatment year (per trimester: 34%, 15%, 6%, and 5%, respectively) and a fur-
ther 7% dropped out during the follow-up year. Following the “intent to treat” principle, patients who
received concomitant neuroleptics (65), antidepressants (34), and benzodiazepines (23) were distrib-
uted equally across groups and were maintained in the study despite this protocol violation. The study
confirmed the efficacy of acamprosate. Those treated with acamprosate had a greater rate of absti-
nence, a longer time to first relapse, and a longer CAD than placebo-treated subjects.

3.3.3.4. BESSON ET AL. (SWITZERLAND 1989–1993) (21)
The particular interest of this study lies in the fact that both the acamprosate and placebo treatment

groups were stratified into two subgroups: patients who chose to have concomitant open-label disulfi-
ram treatment and patients who did not. Patients on disulfiram had daily visits and observed disulfiram
administration, suggesting more medical contact than patients not opting for disulfiram. One hundred
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eighteen patients participated in the study (12 mo treatment, 12 mo follow up), with 67% dropping out
the first year and 17% in the second year. No adverse interaction between acamprosate and disulfiram
was noted. The study outcome confirmed significantly better results on acamprosate than placebo.
Analysis of the strata indicated that acamprosate and disulfiram produced the best outcome, disulfiram
or acamprosate the second most positive, and no medication the worst outcome.

3.3.3.5. SASS ET AL. (GERMANY 1990–1992) (22)
This intensively documented study of 272 alcohol-dependent patients recruited from 12 centers was

considered a pivotal study in the official European application for marketing authorization for acam-
prosate. Patients received 12 mo of active treatment and 12 mo follow-up. Counseling and psychother-
apy differed among sites but, in general, was rather intensive, consisting of 1 h sessions every week for
18 wk, followed by two weekly group sessions. Fifty-one percent dropped out during the first year and
11% in the second year. Similar outcome criteria for drinking behavior as mentioned in the above stud-
ies clearly demonstrated the efficacy of acamprosate. No differential effect on craving, however, could
be detected, and extensive psychological assessments did not indicate differences between treatment
groups. Interestingly, analysis of complete abstinence demonstrated an advantage for acamprosate-
treated patients during the drug-free follow-up year. This may suggest a stabilization of abstinent
behavior in the acamprosate patients. Psychological assessments at the end of the double-blind period
did not suggest any rebound phenomena after the abrupt termination of study medication. Subsequent
analyses of this study data by the authors failed to identify a clear responder profile for acamprosate.

4. OPEN STUDIES

Several open-label studies have been performed for acamprosate. These include the following:

• A 2-wk study in 591 patients to investigate tolerance of coprescription with psychotropic medications (tetra-
bamate, meprobamate, and oxazepam) commonly used in France during acute detoxification. No adverse
drug interactions were recorded (23).

• Six multicenter studies in six countries to compare the efficacy of acamprosate with different types of psy-
chosocial programmes and determine tolerance to acamprosate. One of these studies was recently published
and the data confirmed the good safety profile of acamprosate (6).

• A study with 248 patients in the Netherlands (7) to contrast the outcomes of acamprosate treatment in three
groups: one without any psychosocial support, another with minimal intervention, and the last with a brief
intervention. No significant differences were found among the groups.

5. SAFETY DATA

Side effects reported with acamprosate are rare and transient. These include minor gastrointesti-
nal effects such as diarrhea in 10% of patients, nausea and abdominal discomfort in fewer than 10%
of patients, and minor skin irritations in fewer than 10% of patients. Decreases as well as increases in
libido have been observed in a few patients. The only symptom consistently associated with over-
dose has been diarrhea. No interactions between acamprosate and any other medications (e.g., disul-
firam, antidepressants, anxiolytics, neuroleptics, or hypnotics) have been identified so far.
Acamprosate is contraindicated in patients with renal insufficiency and those with known hypersen-
sitivity against the drug.

6. REVIEW

The global interpretation of the evidence from the double-blind, placebo-controlled studies with
acamprosate confirms that acamprosate has a moderate but fairly consistent effect in reducing relapse
in alcohol dependence. Most studies reported that acamprosate increased abstinent rates, increased
cumulated abstinence periods, and prolonged periods between withdrawal and first relapse. Acam-
prosate was also associated with lower patient dropout from treatment. Furthermore, no physical or
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psychological dependence was observed. Craving or desire to drink was occasionally reported to be
less on acamprosate, although more studies are needed. Most studies that measured mood (anxiety and
depression) did not report any significant medication effects. None of the analyses published to date
has succeeded in identifying a particular responder profile. Data from most studies showed a perceiv-
able drug effect within 1 mo of treatment. However, the minimum required duration of acamprosate
treatment has not been clearly established. The more consistent or lasting effects may be achieved
when acamprosate is administered for 6–12 mo. All double-blind study projects employed some form
of psychosocial support, but no consistent evidence has emerged on any particular requirements of
such support during acamprosate treatment. In one open study, results suggested that patients without
significant psychosocial support may do as well as those receiving manual-driven minimal or brief
interventions. The majority of studies incorporated used regimens of dose adjustment according to
body weight. Although official authorization to prescribe the medication in several countries follow
this treatment schedule, there seems to be no clear evidence that this is indeed necessary. The docu-
mented safety and tolerance profile of acamprosate is exceptionally good. Dose ranging studies indi-
cated better outcome with 1998 mg acamprosate when two tablets are taken three times a day.
Although taking six tablets daily may be a practical problem to some patients, high levels of compli-
ance have been recorded in most studies.
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Color Plate 1, Fig. 1. (See full caption and discussion in Chapter 1, p. 4). Example of physiological roles of
mGluRs at the Schaffer collateral synapse in CA1 in the hippocampus.

Color Plate 2, Fig. 3. (See full caption and discussion in Chapter 1, p. 9). Glutamate receptor topology and
crystal structure of the agonist-binding pocket.



Color Plate 3, Fig. 1. (See discussion in Chapter 2, p. 25). A representation of the NMDA receptor with
associated binding and regulatory domains.



Color Plate 4, Fig. 1. (See full caption and discussion in Chapter 5, p. 72). Current model of NMDA receptor-
associated neuronal injury. Schematic illustration of NMAR-related signaling pathways that lead to neuronal
apoptosis and may contribute to neurodegenerative disease, including HIV-associated dementia.
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