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Preface

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, mp 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, php of the National Institute on Drug Abuse, the National
Institutes of Health (NIH) for his wonderful role, as senior editor of Section I, 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, php 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, Mp 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, mMp, php of Harvard University School
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viii Preface

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, Mp 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, php, DDS, current and Acting Director, NIAA, Frank Vocci, php, Director,
Division of Treatment Research and Development (DTR&D), NIDA and Ahmed Elkashef,
MmD, Chief, Clinical Medical Branch (CMB), DTR&D, NIDA for permitting this effort to
occur. We also thank the institute directors of NIAAA, Enoch Gordis, Mp (former director)
and the present top official of the FDA Bernard A. Schwertz, pvm, php, Acting Principal
Deputy Commissioner and the past commissioner of the FDA, Jane E. Henney, mp 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, php 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). Asimilar emphasis on drug abuse as a brain disorder is noted in the very basic
preclinical research of Stephen E. Hyman, mp, 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, mp, 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, Mp,
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
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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; Zieglgédnsberger, 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. Itis 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, php
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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 o-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA) receptors (/), 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 mGIluRS (reviewed
in ref. 17) and outside the brain, mGluRs occur, for example, in the heart (12). Group I receptors are
coupled to G4-proteins, which, by activating phospholipase C, produce inositol triphosphate (IP3),
which then activates the endoplasmic IP5 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/Gg 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
Groupl mGluR1 Gq DHPG LY367385,CPCCOEt
mGIuRS5 Gq CHPG, CBPG, DHPG MPEP
Groupll mGluR2 Gi/Gy LY354740, APDC, DCG-IV LY3414954
mGluR3 Gi/Gy
GrouplII mGluR4 Gi/Gy L-AP4, L-SOP, PPG MAP4
mGIuR6 Gi/ G()
mGIluR7 Gi/ G()
mGluRS8 Gi/Gy

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, 2S5-2 amino-2-(1S5,2S-2-carboxycyclopropan-1-yl)-3-xanth-9-yl)propanoic
acid; LY354740,(1S,25,5R,6S5)-(+)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid; LY367385, (+)-2-methyl-4-
carboxy-phenylglycine; MAP4, o-methyl-L-amino-4-phosphonobutyrate; PPG, (R,S)-4-phosphonophenylglycine;
L-SOP, L-serine O-phosphate.

@ Note that at high concentrations, the group II mGluR antagonist LY341495 can also block group III and I receptors.
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SCHAFFER o | CA1 PYRAMIDAL
e U sl AMPA l CELL DENDRITE
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R
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— '\;
\ mGluR-7 NMDA Ll
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Receptor Neuroprotective
factor
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GLIAL \ @?} 3 LOCUS
ACTION ON FUNCTION CELL i NE CERULEUS
OF TARGET PROTEIN - B-Adrenergic
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POTENTIATES Adenylyl
cyclase

= INHIBITS

Fig. 1. Example of physiological roles of mGluRs at the Schaffer collateral synapse in CA1 in the hippocam-
pus. mGluR5 and mGluR?7 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. mGIuRS is
expressed at the postsynaptic terminal which increases pyramidal cell excitability by reducing potassium currents.
Moreover, mGluRS 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 mGIuR3. There is evidence that glial mGluR stimulation leads to release of a neuropro-
tective factor. Also, mGluR3 activation can potentiate -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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Fig. 2. Schematic representation of splice variants of mGIuR 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
mGIuR5b 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 mGluRS (/4,15) are added.

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, mGIluR interactions with other signaling
molecules are being discovered. For example, group I mGluRs with homologous C-termini (mGluR1a
and mGIluR5) 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 (/7). 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
mGIuRS 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 mGluR?2 is excluded from axons (/9). Calmodulin binds to C-termi-
nal regions of mGIluRS5 and mGIluR7, 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 o-subunit and protein interacting with C-kinase 1 (PICK1), because they can be coim-
munoprecipitated from transfected COS cells and PICK]1 can reduce phosphorylation of mGluR7a in
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Table 2
Glutamate Receptor Subunits and Their Genes

GenEmbl accession numbers

Receptor Chromosome

Group Family Subunit Gene (human) Mouse Rat Human

1 AMPA GluR1 GRIAI 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 711715 U16126
2 Kainate GluR7 GRIK3 1p34—p33 M83552  Ul6127
3 Kainate KA-1 GRIK4 11922.3 X59996  S678034
3 Kainate KA-2 GRIKS5 19q13.2 D10011 711581 540369

4 NMDA NR1 GRINI 9q34.3 D10028 X63255  X58633
5 NMDA NR2A GRIN2A 16p13.2 D10217 D13211  U09002
5 NMDA NR2B GRIN2B 12p12 D10651 MO1562  U28861¢
5 NMDA NR2C GRIN2C 17q24-q25 D10694 D13212

5 NMDA NR2D GRIN2D 19q13.1qter D12822 D13214  U77783
6 NMDA NR3A GRIN3Ab L.34938

7 Orphan 81 GRID1 D10171 717238

7 Orphan 52 GRID2 4q22 D13266 717239

¢ Partial sequence.
b as proposed in ref. 3.
Source: ref. 3, with permission

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, 81 and 82, do not form functional homomeric channels. However,
neurodegeneration in the Lurcher mouse is caused by a 82 mutation that produces a constitutively
active, CaZ*-permeable channel resembling an AMPA or kainate receptor (31,32).



Molecular Pharmacology/Physiology of Glutamate Receptors 7

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 + GIuR3

Cerebellum GluR1 + GluR4 Ripellino et al., 1998 48
GluR6/7+KA24

@ GluR6 and 7 could not be distinguished.

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. // 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 CAl field revealed mainly heteromeric complexes (47).
Functional kainate receptors appear to require the expression of GluR5, GluR6, or GluR7; KAl or
KAZ2 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).
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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 35, 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,
ADARI1 and ADAR?2, 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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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 GIuR2, 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.)

GluRS5 and GluR6 are only partially edited at this site; in each case, editing increases the subunit’s cal-
cium permeability and (for GIuR2) 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 GIuR2 editing is highlighted by the findings that both GluR2 editing-deficient mice (64) and
ADAR?2 knockout mice (65) are prone to seizures and die young. Moreover, the ADAR?2 knockout
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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 GluR?2 alleles (Q) were modified to encode for the edited (R) version of
GluR2, suggesting that GluR2 is the physiologically most important substrate of ADAR?2 (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, Ser§96, and Thr879
in the alternatively spliced C1 domain of NR1, confer the effect (70). Phosphorylation of Ser§90
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 GIuR1 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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GlIuR2 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), a-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 Got
(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/Gg 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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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.

In neurons, the kinetics, pharmacologic sensitivity, and CaZt 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 CaZ* flux through open
NMDA receptor channels.

The Ca?* 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 Ca?* 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 GluR?2 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 CaZ* permeability. The homologous amino acid in NMDA receptor subunits is
asparagine, which endows all NMDA receptors with high Ca2* permeability. Indeed, replacement
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by site-directed mutagenesis of this asparagine with an arginine produces NMDA receptors with
very low CaZ* 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 CaZ*-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 Ca?+ permeable NMDA and AMPA receptors; for example, CAMKII can
induce LTP by phosporylating GIuR1, 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 Ca?* channels are inhibited by activation of group I or I mGluR, and L-type channels are
additionally inhibited by group III mGIuR activation. Inhibition of Ca2+ entry presumably contributes
to the observed reduction of Ca?*-dependent K+ currents in many neurons, but in cerebellar granule
cells, mGIuR 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 GABA 4 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 CAl pyramidal cells (see Fig. 1). The mechanism may involve
reduction of CaZ* 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 mGlIuR 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 mGIluR3 and that the coactivation of group II
metabotropic glutamate and -adrenergic receptors occurs in glia and not in CA1 pyramidal neurons
(see Fig. 1).

4.3. Subunit-Dependent Modulation of lonotropic 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 NMIDA 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 (702). Inhibition of NR1/NR2A (but not NR2B) receptors was reduced by expression
of a-actinin protein (/03), 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 (/05). 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 (//4). 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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Fig. 6. Structure of the NR2A subunit as proposed by Paoletti et al. (/13). 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 Zn?* sensor and the LAOPB-like domain binds
the agonist glutamate. (From ref. /13, with permission of Elsevier Science and P. Paoletti.)

homologous residue found in the cyclothiazide-insensitive kainate receptors, abolishes cyclothiazide
actions on AMPA receptors (/15). 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 (/16). 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 mGIuR?2 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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Pharmacology of Glutamate Receptors

Jeffrey M. Witkin, PhD, Rafal Kaminski, MD, PhD,
and Michael A. Rogawski, MD, PhD

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. 7).
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-p-aspartate (NMDA), o-
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 /; 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,/0) and voltage-activated potassium channels (/7); 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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Fig. 1. A representation of the NMDA receptor with associated binding and regulatory domains. (Color illustra-
tion in insert following p. 142.)

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
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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

(Fig. 4), stereotypies, and disruptions in learning and memory (cf. ref. /5 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 (/3). 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
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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. /3 with permission
of the publisher.)

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 (/4), 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
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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
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measured by the inverted screen test (B). (From ref. /3, with permission from the publisher.)

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
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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. /4, with permission from the publisher.)

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
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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

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. §). 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 (/5). Moreover,
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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, (3)-CPP, and LY 233536 all produced full
or nearly full substitution for the discriminative stimulus effects of dizocilpine in mice (79). 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 TDs value for induction of toxicity and EDs 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 (/4). On the other hand, the competitive antagonist LY 274614 and its active isomer, LY
235959, produced profound and potent suppression of behavior (74,19,53). 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 glycineg 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
(p-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 (/3) 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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Table 3
Some NMDA Receptor Strychnine-Insensitive Glycineg-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 P