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Preface

The subject of this book is the NMDA receptor (NMDAR), a glutamate-gated cat-
ion channel that plays myriad roles in the biology and pathophysiology of higher
organisms, from fruit flies to humans. The NMDAR is critical for setting up the
correct neuronal wiring diagram during brain development, by preventing the elimi-
nation of properly functioning synapses' and neurons.? Starting at birth, NMDARs
are involved in generating rhythms, repetitive patterns of burst firing, that organisms
use for very basic processes, including breathing and locomotion. The most widely
studied aspect of NMDAR function is, however, the role it plays in supporting
activity-dependent synaptic plasticity underlying processes of learning and memory.
In addition, NMDAR function is important for many higher cognitive brain func-
tions including fear, anxiety, attention, mood, and cognition.

NMDARSs belong to the class of ionotropic glutamate receptors (iGluRs),? ion
channel receptors activated by the excitatory amino acid L-glutamate.* They are
pharmacologically distinguished from other glutamate receptors (AMPA, kainite,
and delta receptors) by their sensitivity to the specific synthetic agonist N-methyl-
D-aspartate (NMDA), discovered in the early 1960s by Curtis and Watkins>° before
L-glutamate was recognized as a bona fide neurotransmitter in the mammalian ner-
vous system.

Development of radioligand binding assays and specific antagonists during the
1970s led to the idea that several distinct excitatory amino acid receptors existed in
the mammalian brain,” one of which was specifically activated by NMDA. Cloning
of the NMDAR NRI1 subunit in 19918 and subsequent identification of four genes
encoding different NR2 subunits® confirmed the existence of separate but related
gene families for NMDA and non-NMDA glutamate receptors, and heralded an era
of detailed molecular and cellular investigations into the many roles of NMDARs in
brain (dys)function.

Important lessons about the various roles of NMDARs in brain function have
been learned from recombinant mouse models. The importance of NMDARs for
processes involving rhythm generation in the central nervous system is illustrated
clearly by the phenotype of the NR1 knockout mouse, which dies hours after birth
due to an inability to breathe or suckle.'® Apparently, NMDARs were employed for
rhythm generation very early in evolution. Experiments in Caenorhabditis elegans
worms have shown that the NMR-1 subunit, a homologue of the mammalian NR1
subunit, is required for slow NMDA-activated currents in neurons that regulate
reversal frequency.!!

Despite the obvious importance of rthythms for the sustenance of life, this aspect
of NMDAR function remains poorly studied. Recombinant mice studies have con-
firmed the importance of NMDAR function for memory formation and consolida-
tion. Overexpression of the immature NR2B subunit, which is highly expressed in
developing animals following insertion of an extra copy of the GRIN2B gene in a



transgenic mouse, has been reported to enhance learning and memory performance
in both adult'? and aged animals.!* The role of NMDAR subtypes in specific forms of
memory is currently under investigation using mice in which the expression levels of
NMDAR genes are altered in specific brain regions and during defined periods.!*-"’
Novel functions of NMDARs in memory maintenance are still being discovered.
Mice in which NR1 expression is controlled by an inducible, reversible, and region-
specific knockout provided evidence for a role of NMDAR reactivation in long-term
memory consolidation.'s

This book covers many aspects of the biology of NMDARSs: their role in control-
ling structure and function of synapses and neurons during early development; how
overstimulation of NMDARs results in excitotoxicity and contributes to several pro-
gressive brain disorders, including Huntington’s disease; the newly discovered and
intriguing interactions of NMDARs and dopamine receptors that mediate reward
in the central nervous system; the role of NMDARs in alcohol dependence and the
promise of NMDAR-based therapeutics for treating alcoholism; how functional
expression is controlled at the level of gene transcription by several families of tran-
scription factors; how NMDAR activation regulates local synaptic protein synthesis
required for long-term changes in synaptic strength; the modulation of NMDAR
function by signaling cascades cumulating in activation of protein kinases and phos-
phatases; the importance of cellular mechanisms underlying trafficking and targeting
of NMDAR protein for many of its physiological functions; how NMDAR-mediated
calcium signaling in dendritic spines controls synaptic efficacy and spine morphol-
ogy; the roles NMDARSs play in different temporal phases of memory formation
in Drosophila; the extracellular modulation of NMDARs by polyamines, subunit-
specific inhibitors, zinc ions, and pH, and the structural bases for their effects; a
detailed description of NMDAR pharmacology, structure—activity relationships of
agonists and antagonists, and roads to therapeutic drug design; the physiological
roles played by NMDARs and their molecular structures; NMDAR activation mech-
anisms and the therapeutic potential of allosteric modulators; and the novel role of
presynaptically localized NMDARs in controlling synaptic plasticity.

An average of 350 papers have appeared annually on the subject of NMDARs
since 1994, totaling approximately 5800 research reports by the end of 2007.
Although it is impossible to deal with all aspects of NMDAR biology in a single book
this size, we have attempted to cover a wide variety of topics and levels of descrip-
tion, from human disease and brain plasticity to gene promoters and X-ray protein
structure, with emphasis on cellular and molecular mechanisms. It is hoped that
bringing together all these vantage points in a single volume will encourage cross-
fertilization among the different disciplines, resulting in a deeper understanding of
the hierarchy of processes affected by NMDAR activation and deregulation, from
synaptic strengthening to regulating higher cognitive processes. A more complete
understanding of all aspects of NMDAR biology may also result in the development
of successful therapeutic approaches targeting the NMDAR for the many acute and
chronic brain disorders in which the receptor is deregulated.

Antonius M.]J. VanDongen
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’I NMDA Receptors and

Brain Development

Rebecca C. Ewald and Hollis T. Cline
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1.1 INTRODUCTION

More than 20 years have passed since the discovery that NMDAR-mediated synaptic
activity is important for the functional development of sensory brain circuits' by spe-
cifically regulating the refinement of sensory topographic maps.? Since then we have
learned in great detail how this receptor shapes the development of neurons and neu-
ronal circuits. The diversity of NMDAR subunits and their unique developmental
and spatial expression patterns add levels of complexity to the role of the NMDARs
in development that are only beginning to be understood. In this chapter, we will
examine NMDARs and their role in brain development from a circuit perspective,
on the single neuron level and on the synaptic level.



2 Biology of the NMDA Receptor

1.2 DEVELOPMENTAL EXPRESSION PATTERNS OF NMDA RECEPTORS

All members of the NMDAR family are characterized by distinct but overlapping
regional and developmental expression patterns, indicating that individual popula-
tions of neurons express age-dependent idiosyncratic signatures of NMDARs. This
potentially suggests particular roles for NMDAR subtypes during development and
in different brain areas.® Individual NMDAR subunits and their splice isoforms
have been well characterized and found to have unique biophysical properties and
structural domains for differential interactions with protein partners.’>-> However,
we are only starting to understand whether and how these differences impact brain
development.

1.2.1 NR1

In situ hybridization studies®’ with pan- and splice variant-specific probes of rat
brains at different pre- and postnatal ages show that in general NR1 expression
begins as early as El4, peaks around the third postnatal week, and then declines
slightly to adult levels. This pattern is followed approximately by the individual iso-
forms as well. Regional expression of the splice variants does not seem to change
significantly during development once the expression patterns are established around
birth. The NR1 isoforms without the N-terminal N1 exon (NR1-a) are expressed
homogeneously throughout the brain, while those containing the N1 cassette (NR1-b)
are more restricted to specific areas such as the neonatal caudate, sensorimotor cor-
tex, and thalamus. Similarly, the NR1-2 variant is widely and more or less homoge-
neously expressed throughout the brain, while the NR1-1 and NR1-4 isoforms form
almost complementary patterns, with NR1-1 restricted to more rostral parts (cortex,
hippocampus, caudate) and NR1-4 to more caudal parts (thalamus, cerebellum, col-
liculi) of the central nervous system (CNS). NR1-3 expression is the weakest: it is
barely detectable at birth and restricted postnatally to very low levels in cortex and
hippocampus.

Overall, the approximate abundance pattern is NR1-2 > NR1-1 > NR1-4 >> NR1-3.
Studies of the developmental expression patterns of NR1 isoforms in other species
are less exhaustive or focus on a narrower window of development.®® Interestingly,
species-specific preferences seem to exist for particular NR1 splice variants, for
example in Xenopus and fish, in which subsets of splice variants are expressed.!o-!3
The functional significance of the differential expression patterns of NR1 splice
variants remains to be determined. The alternatively spliced cassettes primarily
modulate the biophysical and trafficking properties of the NR1 subunit. If and how
this impacts the development of neurons and circuits is still unexplored.

1.2.2 NR2

1.2.2.1 Histochemical Expression Patterns of NR2 Subunits

NR2 subunits, in contrast to the NR1 splice variants, are characterized by large
differences in their electrophysiological profiles. Since they also show very distinct
expression patterns during development, it has been speculated that they may play
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unique roles in brain development.’ In situ hybridization studies of rat brain slices'
have shown that only NR2B and NR2D are expressed during prenatal development.
Expression starts at low levels as early as E14 and becomes gradually more enriched
as embryonic development continues. NR2B expression predominates in prenatal
cortex, is high in the thalamus and spinal cord, and is expressed at lower levels in the
colliculi, hippocampus, and hypothalamus.

Expression in these areas becomes stronger around birth and persists through
PO, when it can also be detected in the cerebellum, where it is the predominant
subunit during early postnatal development. NR2D, in contrast, is absent from the
telencephalon but abundant in the diencephalon, mesencephalon, and spinal cord.
At PO, these areas continue to show strong signals for NR2D mRNA, when the
transcript can also be detected at very low levels in the cortex, hippocampus, and
septum. Also at PO, NR2A and NR2C start to show expression at very low levels in
the hippocampus and cerebellum, respectively. During the first postnatal week, the
mRNA levels of all NMDAR subtypes increase and expression of NR2D transcripts
peaks around P7 before it declines to very low levels in adults.

Overall, NR2B expression levels are highest among the NR2 subunits during this
early postnatal stage. NR2B expression peaks in the hippocampus and cortex dur-
ing the third postnatal week and then declines to moderate/low adult levels. NR2A
expression continues to increase in the hippocampus and cortex, and eventually is
expressed throughout the brain during the second postnatal week when it becomes
dramatically upregulated. Levels of NR2A, like NR2B, peak in the third postnatal
week before they decline to adult levels. NR2C expression is very low in the cer-
ebellum and forebrain at P7 but becomes markedly increased in the cerebellum by
P12, where its expression in granule cells peaks during the third postnatal week and
where it continues to be expressed at high levels in the adult as the predominant
subunit.

1.2.2.2 Electrophysiological Characterization of NR2 Subunits
during Development

The developmental change of the NR2 subunits observed on a cellular level has also
been documented electrophysiologically on a synaptic level, particularly for NR2A-
and NR2B-containing receptors. The NR2A and NR2B subunits are characterized
by an overlapping but developmentally distinct expression pattern and different elec-
trophysiological properties. NR2A and NR2B show biophysical differences in their
glutamate sensitivity and deactivation kinetics,*!* resulting in a fast decay time for
NR2A-containing receptors and a three- to four-fold slower decay time for NR2B-
containing receptors when expressed recombinantly in heterologous cells.'*!> Dur-
ing development, NMDAR decay kinetics shorten due to early expression of NR2B
and delayed expression of NR2A later in development. This shift in NMDAR decay
kinetics has been observed in many model systems, from rats to frogs, and in dif-
ferent brain regions.!®-2° Furthermore, NR2B-containing receptors seem to be the
predominant subunits in immature neurons and at nascent synapses, while NR2A-
containing receptors are gradually added as neurons mature?*-23 to become the elec-
trophysiologically predominant subunits.?*
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Beyond NR2A and NR2B, recordings from the cerebellum have shown a
developmental increase in the NR2C subunit. The decay kinetics of the NMDA
response shorten and the sensitivity to the NR2B-specific antagonist ifenprodil
decreases, before the Mg?*-sensitivity of the NMDA response decreases, suggesting
the presence of NR2B-containing receptors at first, then the addition of synaptic
NR2A-containing receptors and the subsequent incorporation of NR2C-containing
receptors.? The physiological consequences of this developmental change in subunit
composition, however, remain unclear.

1.2.2.3 Interactions with Downstream Signaling Partners

The developmental decrease in NMDAR decay kinetics may lead to a difference in
synaptic Ca?* influx?¢ that may be functionally significant since Ca?* is an impor-
tant activator of Ca>*-dependent signal transduction cascades that in turn may cause
short- and long-term changes in cells.?”?® Furthermore, NR2A and NR2B have been
reported to interact differentially with binding partners in the postsynaptic density,
such as CaMKII,»-3* small GTPases,?*-3¢ and other postsynaptic density proteins
like nNOS, Homer, -catenin and CRMP2,” hinting at the potential activation of
different downstream signaling pathways according to changes in NMDAR subunit
composition during development.

1.2.2.4 Distinct Functional Roles of NR2 Subunits

Many attempts have been made to find contrasting roles for the NR2A and NR2B
subunits but the functional significance of the developmental increase of the NR2A
subunit to complement NR2B-containing receptors at the synapse remains unclear.
For example, one proposal is that the shortened decay kinetics with increasing NR2A
expression play a role in the regulation of critical period plasticity.'®!"*® However this
has not been supported experimentally, since NR2A knockout mice that do not expe-
rience shortenings of NMDAR decay kinetics still have normal critical periods in
barrel cortex.’* Pharmacological evidence for opposing roles of NR2A- and NR2B-
containing receptors in synaptic plasticity suggested that NR2A is necessary for
long-term potentiation (LTP) and NR2B for long-term depression (LTD).#%4! How-
ever this interpretation was complicated by the finding that the NR2A antagonist
NVP-AAMOO07 is less specific than assumed,*? leaving the question of the actual
functions of the different NMDARs unresolved.*#

In addition, theses findings directly conflict with studies in transgenic animals;
for example, LTP can still be induced in NR2A knockout mice** and mice with
increased expression of NR2B show enhanced LTP.#¢ Other electrophysiological
data show overlapping roles of NR2A and NR2B in synaptic plasticity.*’->° Kim et al.
(2005) proposed that NR2A-containing receptors promote and NR2B-containing
receptors inhibit synaptic insertion of the AMPAR subunit GluR1 and linked NR2B
to the weakening of synaptic strength.3* Although these results are consistent with
the Liu and Massey papers.*>#! another study suggests that NR2B mediates synaptic
potentiation via the strong association of the receptor with CaMKII.** The question
regarding the different functional roles of NR2A and NR2B, particularly during
development, remains unresolved.
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1.2.2.5 Dynamic Regulation of NR2A and NR2B Subunits at Synapses

One additional concept should be considered: the finding that the ratio of the NR2A
and NR2B subunits is dynamically regulated in response to changes in synaptic
activity.>'=5 This view originates from the theory of a “sliding” threshold of synap-
tic modification that depends on the previous level of activity at a synapse.’® This
may present interesting implications for the role of NR2A- and NR2B-containing
receptors during development, as these subunits may be used to fine-tune NMDAR
responses of developing neurons in their changing environment.!3

1.2.2.6 Synaptic and Extrasynaptic NMDA Receptors during Development

Before recruitment to a synapse, NMDARSs can cycle in and out of the plasma mem-
branes of dendrites via exo- and endocytosis.>” More than 65% of synaptic NMDARs
can shuttle between synaptic and extrasynaptic sites.® While nascent synapses are popu-
lated predominantly by NR2B-containing receptors before supplementation with NR2A-
containing receptors, extrasynaptic NMDARs are predominantly NR2B-containing
receptors as shown by recordings from hippocampal, cortical, and cerebellar granule
cell neurons.?0-233%60 What determines the synaptic or extrasynaptic localization of the
NMDAR and the dynamic distribution of the receptors in and out of the plasma mem-
brane remains unclear. Functionally, synaptic and extrasynaptic NMDARs may have
opposing roles with regard to regulation of the transcription factor CREB, expression of
the neurotrophic factor BDNF, and survival of the neuron.6'62

1.2.3 NR3

NR3A and NR3B are the most recently discovered members of the NMDAR
family.®3-% When coassembled with NR1, they form excitatory glycine receptors that
are CaZ*-impermeable, Mg?*-insensitive, and unresponsive to glutamate or NMDA..%
NR3A must be associated with NR1 for proper cell surface expression® and its
expression as a triheteromer with NR1 and NR2 regulates NMDAR currents.546567
NR3 subunit expression is also developmentally and spatially regulated, In rats,
NR3A is expressed prenatally at least as early as E15 in the spinal cord, medulla,
pons, tegmentum, hypothalamus, and thalamus. Its expression level increases to
include the entire brain stem, and postnatally through adulthood also includes the
hippocampus, amygdale, and parts of cortex. Expression of NR3A peaks around P8
and then rapidly decreases to adult levels by P20.64656 NR3B expression in rodents,
in contrast, is restricted to motoneurons of the brain stem and spinal cord.®>¢° Its
expression levels peak postnatally around P14 and stay elevated through adulthood.™
While both NR3 subunits are clearly subject to developmental regulation, their phys-
iological role for brain development remains to be investigated.

1.3 NMDA RECEPTORS AND STRUCTURAL
DEVELOPMENT OF NEURONS
The gross anatomy of brains of all transgenic mice lacking individual NMDAR sub-

units appears normal, indicating that NMDARSs are not essential for brain develop-
ment per se.”'-”> Nevertheless, NMDAR-mediated synaptic activity in adult animals
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has been shown to promote the integration of newly born neurons into the mature
circuit.”* NR17~ and NR2B~ animals die shortly after birth. Their lethality has been
attributed to respiratory failure and impairment of the suckling response,’>”3 indicat-
ing a requirement for NMDAR function in circuit development. All other animals
lacking NR subunits including NR2A/NR2C double knockout animals™ survive
until adulthood. Nevertheless, analysis of the fine structures of axonal and dendritic
branches shows that NMDARs play a major role in brain development through the
control of activity-dependent map formation on a circuit-wide scale and the structural
development of neurons on a single cell level.

1.3.1 NMDA REecepTORS AND AXON ARBOR ELABORATION

The first evidence that postsynaptic activity plays a role in axon arbor refinement
came from experiments on retinotectal projection. Blockade of NMDARSs with the
NMDAR-specific drugs APV and MK-801 showed that NMDARs are important for
the maintenance of eye-specific stripes of retinal ganglion cell axon arbors in the
dually innervated optic tectum? and for the precise establishment of retinal topog-
raphy.”” Further experiments in the mammalian visual system have replicated these
observations,”® indicating that NMDARSs play an evolutionarily conserved role in
activity-dependent sensory map formation.

NMDAR activity has also been shown to be necessary for the initial segregation
of ocular dominance bands.” Chronic blockade of NRI translation with antisense
technology prevents the development of orientation selectivity in ferret primary
visual cortex.®? These experiments indicate that postsynaptic NMDAR activation
sends a retrograde signal that regulates the stability of presynaptic contacts and axon
arbor structure.

Further evidence of impairment of axonal arbor establishment and refinement
has been found in the whisker systems of NR17- and NR2B~- transgenic mice.’38!-34
Peripheral and central trigeminal ganglion cells innervate the whisker pads on the
snouts of rodents and map the precise arrangement of the whiskers onto the brain-
stem trigeminal nuclei. The arrangement is then further mapped onto the thalamus
and barrel cortex. These barrel-like structures fail to form in NR1 and NR2B knock-
out animals in the trigeminal nuclei, and as shown only for NR1, are also impaired
in cortex.”>81-84 Analysis of the axon arbor structures of single cells of NR1 knockout
or knockdown mice shows an exuberant elaboration of the axonal arbor that prevents
the development of segregated patches.®?

During topographic map formation, axonal arbors initially overlap and are sub-
sequently refined by selective elimination of branches from inappropriate areas.” 83
NMDAR blockade increases the dynamics of the axonal arbor,? suggesting that
axons require postsynaptic feedback mediated by NMDARs, possibly through coin-
cident firing and retrograde messengers®” in order to elaborate and refine their arbors
properly and subsequently stabilize branches and synapses. Indeed, NMDAR activ-
ity is required for the selective elimination of axon branches,” suggesting that uncor-
related signaling through the NMDAR actively promotes branch destabilization
analogous to heterosynaptic LTD, while correlated activity promotes selective branch
stabilization analogous to LTP.”®



NMDA Receptors and Brain Development 7

1.3.2 DeNDRiTIC ARBOR ELABORATION AND NMDA RECEPTORS

In vivo time lapse images of optic tectal neurons from Xenopus laevis tadpoles, one
of the few experimental systems that permits direct observation of neuronal develop-
ment in intact animals, demonstrates that the dendritic arbor of a newly born neuron
goes through distinct phases of growth before it reaches its mature structure. After
extension of the axon, the dendritic arbor enters a highly dynamic and rapid phase of
growth and elaboration, before its growth is slowed and the arbor stabilized.®® Den-
dritic arbor growth is dependent on the interplay between synaptic activity, extracel-
lular cues, and intracellular mechanisms.39-9!

Blockade of NMDAR activity with APV reduces dendritic growth rate®? and the
dynamics of tectal cell dendrites in vivo.® Further in vivo evidence from the visual
system shows that synaptic activity induced by visual stimulation promotes den-
dritic arbor growth and is mediated by NMDARs.?* However, other studies reported
increases in dendritic spine number and dendritic branch length and number after
chronic APV-treatment in vivo and in vitro.**%

One resolution of these apparent differences may relate to different developmen-
tal expression and activation of intracellular signaling pathways linking NMDAR to
changes in the dendritic cytoskeleton. For instance, oCaMKII is expressed at low
levels in rapidly growing young neurons, and increases in expression as neurons
mature. Activation of CaMKII, a downstream kinase activated by NMDAR signal-
ing, leads to a “stop growing” signal and to the stabilization of the dendritic arbor in
mature neurons.”® Blocking NMDAR or acCaMKII in these neurons affects dendrite
branch dynamics and growth rates, but has the opposite effect in young neurons that
do not yet express much aCaMKII.

With respect to further aspects of intracellular signaling, changes in the cyto-
skeletal architecture important for NMDAR-dependent dendrite growth and branch-
ing are in part mediated by small RhoGTPases.”>7% Rac and Cdc42 activities in
particular promote dendritic arbor dynamics, while increased RhoA activity inhibits
dendritic arbor development. Activation of Rac and inhibition of RhoA are depen-
dent on synaptic activity mediated by NMDARs and AMPARs. In addition, consid-
erable cross-regulation occurs between the small RhoGTPase signaling pathways
that fine tunes dendritic arbor growth in response to NMDAR-mediated synaptic
activity.?>%8

NMDARs are also important for the refinement of the dendritic arbor. The inabil-
ity to form barrel-like structures, as revealed by cytochrome oxidase staining, in the
rodent whisker system of NR1 or NR2B knockout mice’*#-3% may also be attributed
to the improper clustering of dendrites during the formation of sensory topographic
maps.” This was directly observed during analysis of the dendritic arbors of single
neurons with reduced NR1 that lost the orientation of their dendritic arbors toward
the barrel center.%?

Central to dendritic arbor refinement is the decision where and when to make
dendritic branches. In vivo imaging suggests that branch formation is promoted
by NMDAR-mediated synaptic activity and involves the formation of dendritic
filopodia-like structures that are subsequently retracted or stabilized and converted
into a dendritic branch.!%%-192 Dendritic filopodia are thin, highly motile, actin-based
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protrusions.!0%-103-105 Dendritic branches are microtubule-based structures.!6107 Syn-
apse formation has been shown to stabilize dendritic filopodia and contribute to
their conversion into dendritic branches.!® Similarly, retraction of branches involves
disassembly of synaptic structures.'?

These observations support the synaptotropic hypothesis that synaptic activity
guides dendritic growth.!%819 Studies of dendritic spine morphology have shown that
synaptic activity mediated through glutamate receptors stabilizes spines and syn-
apses. NMDAR activity stabilizes the actin cytoskeleton''?and increases the F-actin
contents of spines.!"! In addition, the NMDAR-mediated synaptic recruitment of
AMPA receptors stabilizes and maintains spines."'>!13 Finally, NMDAR activity can
activate local protein synthesis!* and the presence of local protein synthesis machin-
ery potentially indicates stabilization of branches.!'> Because synapse stabilization is
important for branch stabilization, these findings add further evidence that NMDAR
activity is important for structural rearrangements of dendrites.

1.4 NMDA RECEPTORS AND ACTIVITY-DEPENDENT
DEVELOPMENT OF GLUTAMATERGIC SYNAPSES

Glutamatergic synapse development is a fundamental part of proper brain develop-
ment involving interactive signaling of the three main ionotropic receptors: GABA ,,
NMDA, and AMPA. While many factors contribute to synapse development, synap-
tic activity is an important component of this process.!'¢ Early in development and
at nascent synapses, glutamatergic synaptic transmission seems largely mediated
by NMDARSs.2L117-121 Due to blockade of the NMDAR pore by Mg?* ions and the
initial lack of AMPARSs, these synapses do not have significant ion conductance near
the resting potential at hyperpolarized potentials and hence are known as “silent
synapses.”!21.122

Early in development GABA ,-mediated synaptic transmission is excitatory
rather than inhibitory due to delayed expression of the KCC2 transporter and a high
concentration of internal Cl-.12312 The depolarizing GABAergic conductance seems
to facilitate the activation of NMDARSs at nascent synapses by enabling the removal
of the Mg?* ion block of the NMDAR pore.!?>!26 Such synergistic signaling permits
further maturation of the glutamatergic synapse.'?

NMDARSs at nascent synapses are primarily composed of NR2B subunits?! that are
constitutively trafficked to synapses.!?” The subsequent delivery of NR2A-containing
receptors, in contrast, is dependent on synaptic activity.'?” As described earlier, the
addition of NR2A-containing NMDARSs to synapses is a further indication of a
maturing nervous system.!*2° NMDAR-mediated synaptic transmission promotes
the insertion of AMPARs—heterotetramers composed most commonly of GluR1
and GluR2 or GluR2 and GluR3 subunits.!"* Depending on the level of synaptic
activity, NMDARSs can promote the insertion of GluR1-containing receptors into
synapses to result in synaptic potentiation'?8-13 or lead to the removal of GluR1- and
GluR2-containing receptors from synapses to lead to synaptic depression.!3!-134

During development, acquiring AMPAR-mediated synaptic transmission
is a key step toward a mature glutamatergic synapse."” Interestingly, impairing
early depolarizing GABAergic synaptic transmission by prematurely decreasing
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intracellular CI- levels blocks the developmental increase in AMPAR-mediated
transmission.'?® Therefore depolarizing GABAergic transmission is important for
the development of AMPAR-mediated transmission and may mediate this effect
on synapse maturation by facilitating NMDAR activation. This observation under-
scores the interdependence of the GABAergic and glutamatergic signaling pathways
in synaptic development.

1.5 CONCLUDING REMARKS

NMDAR activity is important at multiple levels of brain development. On the synap-
tic level, changes in NMDAR subunit composition and NMDAR-mediated synaptic
activity clearly contribute to the maturation of glutamatergic synapses. Importantly,
synapse formation and subsequent maturation within single neurons are processes
that occur throughout the lifetime of an animal and contribute to synaptic plasticity
during development and learning. Structurally, on a single neuron level, NMDAR
activity is crucial in refining the axonal and dendritic arbors of a developing neuron.
The resulting shape of the neuron defines its functional role within the neuronal
circuit and underscores how NMDARs shape brain development. Future challenging
work dissecting the significance of the NMDAR subunit diversity and its functional
significance for brain development will yield exciting new insights into NMDAR
biology.
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2.1 HUNTINGTON'’S DISEASE

Huntington’s disease (HD) is an inherited, progressive neurodegenerative disorder,
with a prevalence of ~5 to 10 per 100,000 people.! This genetic, autosomal-dominant
disease is caused by a mutation in exon 1 of the IT15 gene, resulting in the expan-
sion of a CAG repeat? encoding a polyglutamine (polyQ) region near the N-terminus
of the huntingtin protein. Normal individuals have 35 or fewer CAG repeats.’ The
presence of 36 or more CAG repeats leads to eventual development of the disease.*
HD is one of nine currently identified neurodegenerative diseases resulting from the
expansion of a CAG tract within the coding regions of nine different genes>° that
include the different spinocerebellar ataxias (SCAs) 1, 2, 3, 6, 7, and 17, spinal bulbar
muscular atrophy (SBMA), and dentatorubral pallidoluysian atrophy (DRPLA).

2.1.1 CunicAL FEATURES

The clinical presentation of HD includes a range of motor, cognitive, and mood
changes. Disease onset generally occurs between the ages of 35 to 50, progressing
over 15 to 20 years until death.” Motor symptoms include choreiform involuntary
movements, postural imbalance, uncoordinated voluntary movements, and speech
and swallowing difficulties, followed at later stages by akinesia and rigidity. Depres-
sion is a common symptom, and patients often display personality changes such as
apathy and flashes of temper. Generally, emotional and cognitive changes precede
the motor symptoms.3? Cases of juvenile onset HD differ from adult onset in their
clinical presentation, with symptoms including early bradykinesia, rigidity, dysto-
nia, and often epileptic seizures.! In contrast to the adult onset form, juvenile onset
HD patients often exhibit little or no chorea.!”

Expanded CAG regions are relatively unstable, particularly when passed via
the paternal germline, with expansions in CAG length occurring more often than
reductions. This produces the phenomenon known as anticipation in which the CAG
repeat number tends to increase in subsequent family generations.!'> The age of
onset of symptoms correlates inversely with the length of the CAG expansion.!3-13
Most adult onset cases have CAG repeat lengths of 40 to 50, whereas juvenile onset
cases have somewhat longer CAG expansions (>60).1

2.1.2 NEUROPATHOLOGY

The pattern of neurodegeneration in HD is particularly selective for the medium-
sized spiny neurons (MSNs) of the striatum, which project to other areas of the basal
ganglia, specifically the substantia nigra and globus pallidus,'® and constitute approx-
imately 95% of the neurons in the striatum."” In an extensive study characterizing
postmortem HD brains, the highest degree of degeneration was found in the caudate
and putamen nuclei comprising the neostriatum.'® The authors used a five-point grad-
ing system (0 to 4) to describe striatal neuropathology in ascending order of severity,
correlating closely with the extent of clinical disability. For example, in grade 0 HD
brains, no gross neuropathological changes were seen, although 30 to 40% neuronal
loss in the caudate was reported.' In grade 1 brains, only microscopic neuropatho-
logical changes (50% loss of neurons in the caudate nucleus) were evident. The more
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severe cases showed increasing neuronal loss within the caudate and other striatal
regions. Grade 4 brains exhibited >95% neuronal loss in the caudate and extensive
neuronal losses in the putamen, globus pallidus, and nucleus accumbens, accompa-
nied by increasing numbers of astrocytes through grades 2 to 4.1

Striatal MSNs are the first population of neurons to die and generally show the
greatest losses in numbers.! In the early stages of HD, the subpopulation of MSNs
expressing enkephalin and projecting to the external segment of the globus pallidus
(indirect basal ganglia pathway) die first, followed by the substance P-expressing
MSNs! that project to the internal segment of the globus pallidus (direct basal gan-
glia pathway). Notably, the large aspiny cholinergic and nitric oxide synthase-con-
taining interneurons are relatively spared.?*2! In later stage HD, a number of brain
regions display atrophy or a loss in cross-sectional area. The caudate and putamen
show approximately 60% area loss and other brain regions (substantia nigra, glo-
bus pallidus, thalamus, hippocampus) display lesser atrophy of 20 to 30% in later
stages.?>?3 Hence, the striatum undergoes the greatest extent of neuronal loss, and in
the most severe cases (grade 4) this results in a significant decrease in neuronal den-
sity despite the concurrent regional atrophy. Losses of cortical neurons and volume
also occur in more advanced cases of HD, particularly loss of the large pyramidal
neurons in layers III, V, and VI that project directly to the striatum.?+2>

2.1.3 HuNTINGTIN: DisTRIBUTION, CELLULAR ROLES, AND FUNCTION

The protein huntingtin (htt) is widely distributed throughout many tissues of the
body?¢ and throughout most brain regions.?’” No particular enrichment of the protein
appears in the striatum.?® Expansion of the CAG repeat region of the HD gene to
produce polyglutamine-expanded, mutant htt (mhtt) does not appear to alter tissue
distribution of the protein.?® Htt is a 350 kDa cytosolic protein found in the soma and
throughout the dendrites as well as in synaptic terminals.?

The function of htt is still unknown. It has been associated with membrane-bound
organelles including mitochondria®® and vesicular membranes®-*? and is therefore believed
to play a role in vesicular transport and endocytosis.?> Htt can also be localized to the
nucleus, and this presents implications for a possible role in gene transcription for both
the normal and mutant forms.33 Htt expression is required for normal development, as
disruption of the endogenous htt protein results in embryonic lethality.>*-3¢ Interestingly,
mhtt retains at least some functionality of the wild-type protein required for development;
expression of mhtt can rescue the lethal disruption of endogenous htt expression.3¢

2.2 MODEL SYSTEMS FOR STUDY OF NMDA
RECEPTOR FUNCTION IN HD

2.2.1 HETEROLOGOUS EXPRESSION SYSTEMS

The simplicity and degree of control possible in heterologous expression systems
make them ideal starting points for examining the basis of mhtt-mediated toxicity.
For example, the HEK293 cell line has been used extensively to study ionotropic
glutamate receptor-mediated toxicity and function’”-#' and the influence of overex-
pression of both htt and mhtt on N-methyl-D-aspartate receptor (NMDAR) function
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and excitotoxicity.*>* Other lines such as COS and CHO cells also have been used
to study NMDAR function and toxicity.*#4%* Notably, expression of mhtt along
with NMDARs composed of NR1 and NR2B subunits enhanced NMDAR current
amplitude,* similar to subsequent observations in acutely dissociated and cultured
MSNs. 46-49

2.2.2 MoOUSE MODELS

A number of mouse models have been established as tools to examine the pre-
symptomatic changes, pathogenic mechanisms, progression of disease pathology,
and possible areas of therapeutic intervention in HD. Table 2.1 summarizes the
relevant mouse models discussed here. A comprehensive summary of these and
other models provided by the Hereditary Disease Foundation can be found at www.
hdfoundation.org/PDF/hdmicetable.pdf. The most common models fall into three

TABLE 2.1
Selected HD Mouse Models
YAC46, 72, HdhQ92,
HD Model 128 R6/1,R6/2 N171-82Q tgHD100 CAG80 Q111
Reference for ~ Hodgson Mangiarini ~ Schilling Laforet et Shelbourne  Wheeler
HD mouse etal., etal., 1996 etal., 1999 al, 2001 etal., etal.,
model 1999; Slow 1999 2000
etal., 2003
Promoter and Human, Human, Prion, N- Rat neuron- Murine, Murine,
transcript full-length exon 1 terminal specific CAG CAG
length 171 amino enolase, knock-in knock-in
acids N-terminal
3kb
PolyQ length ~ 46,72,128 120, 150 82 100 80 92,111
NMDAR Unchanged  NRI NR2A | Unknown Unknown  Unknown
expression in in YAC46, unchanged  transiently
striatum YAC72 or T;
NR2A/B |
MSN TinYAC72 1T Unknown T Unknown  Unknown
NMDAR
currents
Striatal T 1 with time | with time ~ Same as Unknown  Unknown
excitotoxicity WT
NMDAR Ca2+ TinYAC46, T Unknown T Unknown  Unknown
influx YAC72;
recovery
impaired in
YAC128

LTP/LTD Altered Altered Unknown Unknown Altered Unknown
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categories: (1) transgenic mice expressing an N-terminal fragment of human htt con-
taining an expanded CAG region (N-terminal fragment models); (2) transgenic mice
expressing full-length human htt in addition to their own endogenous murine htt
(full-length models); and (3) knock-in mouse models in which an expanded CAG
repeat region is inserted into the endogenous Hdh gene.

The most common N-terminal fragment models are the R6/1 and R6/2 lines
expressing exon 1 of the human HD gene containing 116 and 144 CAG repeats,
respectively.’® The R6/2 model shows the more aggressive disease phenotype. Gen-
erally both models are characterized by early death (approximately 12 mo for R6/1
and 4 mo for R6/2) preceded by early onset of motor symptoms (as early as 1 mo in
R6/2) and overall brain atrophy (~20%)’! apparent prior to neuronal loss.>® Another
well-characterized fragment model expresses an N-terminal fragment of 171 resi-
dues containing a CAG repeat length of 82. This model also dies prematurely after
a lifespan of 2.5 to 11 mo.>?

The R6/2 and N171-82Q models produce similar changes to striatal gene expres-
sion,’ indicating common pathological alterations. Interestingly, both models also
display striatal resistance to excitotoxins after HD-like symptoms develop,’*-¢ but
they also lack frank striatal neuronal loss, which is inconsistent with the notable stri-
atal degeneration found in human postmortem HD brains. One key criticism of these
models may be that expression of the full-length htt gene with all critical regulatory
sequences is required to most accurately reproduce the human disease. However, the
aggressive pathology and shortened lifespan make mhtt fragment models ideal for
therapeutic testing in one sense because the beneficial effects of intervention will be
more obvious than in a milder phenotype.

Knock-in HD mouse models generally exhibit very late onsets of motor symp-
toms (around 2 years of age), with a relatively mild disease phenotype and little to
no neuropathology evident, aside from predominantly striatal aggregate formation,
despite longer CAG repeat lengths ranging from 72 to 150.>-%' One advantage of
these models is the elimination of a key confounding factor in interpreting results
from other HD models: htt (mutant or otherwise) overexpression. Also, their long
lifespans make these models ideal for studying behavioral changes as a proxy for
neuronal dysfunction prior to neuronal loss.

Full-length models such as the yeast artificial chromosome (YAC) mouse
model®?% and the cytomegalovirus promoter model®* recapitulate the pattern of
selective striatal neuronal loss seen in human HD patients, making these models
ideal for studying changes in neuronal function underlying selective neurodegen-
eration. These mouse models generally have a later onset (2 to 7 mo, depending on
htt polyQ repeat length) of the HD motor phenotype, and have relatively normal
lifespans.6%:63.65

2.3 EXCITOTOXICITY HYPOTHESIS IN HD PATHOGENESIS

Several lines of evidence directly and indirectly support the role of excitotoxicity in
HD, from alterations of NMDAR function to bioenergetic impairment. Following is an
overview of evidence from human patients and in vivo and in vitro experiments using
animal and cellular models in support of the excitotoxicity hypothesis.
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2.3.1 Excrrotoxicity DErFINED

Excitotoxicity in neurons is a toxic consequence of the actions of excitatory amino
acids (EAAs), whether endogenous or exogenous (in the cases of some chemical
models in animals or in vitro). Since glutamate is the major excitatory neurotrans-
mitter, excitotoxicity in the central nervous system (CNS) is considered to result from
glutamate exposure for prolonged periods or in excessive concentrations. This can
lead to a number of pathological changes in neurons including ion influx, osmotic
dysregulation, energy depletion, and biochemical changes, eventually causing cell
death.%6.67

Glutamate activates two classes of receptors in neurons: (1) metabotropic glu-
tamate receptors (mGluRs) that exert their effects via coupling to G-proteins, and
(2) ionotropic glutamate receptors (iGluRs), which upon binding of the appropriate
ligands, allow passage of cations through a channel pore formed by the recep-
tor subunits.%® The most intensely studied iGluRs related to excitotoxicity are the
NMDARs, a subclass of receptors exhibiting several features of relevance to neu-
ronal death, i.e., relatively high permeability to Ca?* and slow activation and deac-
tivation kinetics.

2.3.2 NMDA Receptor SUBUNIT COMPOSITION IN FOREBRAIN AND STRIATUM

The combination of NR1 with different NR2 subunits alters NMDAR ion channel
characteristics,’%-73 providing significant potential for functional diversity. NR2
subunit expression is both developmentally and spatially regulated.’®’ In the adult
forebrain, the main NR2 subunits expressed are NR2A and NR2B, indicating that
most NMDAR:Ss in these regions are diheteromers composed of NR1/NR2A or NR1/
NR2B or have a triheteromeric configuration of NR1/NR2A/NR2B.7-7

These subunit combinations produce NMDARs that are similar in certain chan-
nel properties such as permeability to Ca?*, single channel conductance, and sensitiv-
ity to voltage-dependent Mg?* block. However, NR2A and NR2B subunits have key
differences in terms of the functional properties they convey to channels and how
they are distributed on a subcellular level. NR2A and NR2B subunits have differen-
tial sensitivities to agonists and antagonists,®®78-80 and channel gating properties are
altered in a subunit-dependent fashion.”®”” NR2A-containing receptors are generally
expressed at synapses, and this subcellular expression pattern is considered a con-
sequence of developmental regulation and synaptic maturation.”>-77:81:82 In contrast,
NR2B-containing receptors appear to predominate at extrasynaptic sites.’6:81-83

The specificity of this spatial distinction between NR2A and NR2B expression
patterns may reflect differential roles in determining cell survival and cell death.34-87
Recent studies suggest inclusion of the NR2B subunit in the NMDAR complex is
sufficient to confer excitotoxic potential to NMDAR activation, regardless of sub-
cellular localization, in relatively immature cortical cultures,?® although NR2A-
containing NMDARs showed similar excitotoxic potential in more mature cultured
cortical neurons.® Interestingly, the striatum appears to express higher levels of
NR2B relative to other NR2 subunits, compared to other regions of the brain; this
pattern of expression is observed in several species including humans.?*-%
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2.3.3 Excrrotoxic HypotHEsis IN HD

Critical evidence to support a role for excitotoxicity in HD pathogenesis arose
from studies of postmortem HD brains showing losses of striatal NMDAR binding
sites.”*~%8 These observations extended to brains from presymptomatic individuals,
indicating that MSNs with high levels of NMDAR expression were at particular
risk and losses occurred very early in disease progression, possibly contributing to
symptom onset. These observations correlate with the selective loss of MSNs in HD
patient brains.!°

A survey of transgenic HD mouse models reveals less dramatic changes in
NMDAR composition and subunit expression. In the R6/2 mouse model, immu-
nostaining of striatal NR2A and NR2B were both reportedly decreased in symp-
tomatic mice, although NR1 immunostaining was enhanced.*® Single cell RT-PCR
confirmed a decrease in NR2A mRNA even at presymptomatic stages, while NR2B
was also reduced by 12 wk (fully symptomatic stage).”® On the other hand, another
study in the same model at 12 wk of age showed that striatal NR1 mRNA levels and
NMDAR binding were similar to those of wild-type (WT) litter mates.!® Together,
there studies suggest a change in NMDAR subunit composition.

In another N-terminal fragment model (N171-82Q), no significant changes in
striatal NR1, NR2A, or NR2B expression relative to controls were found.*® In YAC
mouse models, striatal NR1 and NR2B expression were similar in WT, YAC46,
and YAC72 mice prior to onset of symptoms (2 mo).>> Similarly, in the more
aggressive YAC128 model in which striatal atrophy and neuronal loss (although
only ~13% at 12 mo) are highly correlated with motor dysfunction,®® no differ-
ences in striatal neuronal mRNA expression were found for NR1, NR2A, or NR2B
subunits.!’! Protein levels in synaptic membrane fractions at symptomatic stages
(12 mo) were similar to those of WT controls although expression in total striatal
homogenates was not reported.'”! The lack of overt NMDAR loss in striata of
transgenic HD mice models may reflect the failure of the models to reproduce
the extensive neuronal losses observed in humans. Although further studies are
required, it is likely that symptomatic HD is associated with a decrease in the
overall number and/or a change in subunit composition of functional NMDARs
within the striatum. This may contribute to a deficit in neuronal function that may
precede neuronal death.%

2.3.4 EviDENCE FROM CHEMICAL MODELS oF HD IN
SupporT OF Excitotoxic HYPOTHESIS

Several studies demonstrated that intrastriatal injection of NMDAR agonists
results in the selective loss of MSNs while sparing interneurons, reproducing
many behavioral and neuropathological characteristics of HD.!02-105 Additionally,
striatal MSNs show increased sensitivity to NMDA-induced swelling (a correlate
of current and toxicity) compared with large-sized striatal interneurons. Kainate
produced similar swelling in both neuronal populations.'® Moreover, NMDAR
agonists are more effective than other GluR agonists for inducing striatal neuronal
excitotoxicity.!%7
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A different means of chemically inducing HD-like symptoms and neuropathol-
ogy involves the use of inhibitors of mitochondrial complex II. Both malonate and
3-nitropropionic acid (3-NP) can be injected intrastriatally or systemically to rodents
to produce selective degeneration of striatal MSNs!%8-111 that may be blocked by
NMDAR antagonists.!%:111

While these models effectively replicate many aspects of advanced HD, they
cannot be used to study early presymptomatic changes that may be critical to under-
standing disease pathogenesis and dysfunction prior to neuronal death. However,
these models further support the excitotoxic involvement of NMDARs in HD patho-
genesis, and in the case of mitochondrial complex II inhibitors, implicate mitochon-
drial dysfunction as a predisposing factor in HD excitotoxicity.

2.3.4.1 Alterations of NMDA Receptor Function in HD Models

Based on the probable involvement of NMDARs in HD pathology, a great deal of
interest has focused on the question of whether NMDAR function in HD models is
altered. Studies in intact HD animal models, in vitro preparations derived from HD
model animals, and heterologous systems have been performed to answer this ques-
tion. The most direct method for investigating HD-associated changes in NMDAR
function is by assessing NMDAR-mediated currents with electrophysiological
recordings. A number of studies have demonstrated enhancement of these currents
in several transgenic HD mouse models.

2.3.4.2 NMDA Receptor Currents in HD Models

Enhancement of NMDAR current was observed in MSNs acutely dissociated from
striata of presymptomatic and symptomatic R6/2 mice.* The same study also
reported decreased sensitivity of NMDAR currents to Mg?* block in a subpopulation
of MSNs that exhibited significantly larger NMDAR currents, possibly reflecting
an alteration of NMDAR subunit composition. This observation extended to MSNs
from presymptomatic mice, indicating altered NMDAR function prior to apparent
onset of symptoms. Additionally, NMDA-evoked current in striatal slices taken
from both presymptomatic and symptomatic R6/2 mice were increased over WT. In
the same mice, AMPA-evoked currents were actually smaller, indicating a process
selective for enhancement of NMDAR function.*6

Later studies of this model demonstrated that this enhancement of NMDAR
current is specific for the striatum, as cortical NMDAR-mediated currents were
not enhanced.!? These enhanced striatal NMDAR currents also explain an earlier
observation of increased swelling of MSNs in R6/2 striatal slices compared to slices
from WT animals in response to exogenous NMDA application—an observation
confirmed with MSNs in slices from a knock-in HD mouse model with a polyQ
length of 94.3 Similar observations were also documented in another N-terminal
fragment model of HD (with a polyQ length of 100 contained within the N-terminal
third of the human htt gene), showing significant enhancement of NMDAR peak
currents and current density in MSNs from striatal slices.!!*

Studies of the full-length YAC72 HD mouse model largely confirmed findings in
truncated fragment models. Acutely dissociated MSNs from YAC72 animals showed
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significantly increased NMDAR peak current densities relative to those in MSNs
from WT animals at both presymptomatic (6 to 11 wk)*’” and symptomatic (>1 year)*®
ages. These results indicate that aberrant NMDAR activity is present prior to, and
possibly plays a causative role in, behavioral changes associated with HD. Moreover,
cultured MSNs taken from mice at birth also showed increased NMDAR peak cur-
rent density for YAC72 compared with WT mice.!’

Because these data were obtained using exogenously applied NMDA and
stimulating presumably extrasynaptic NMDARs, other studies focused on possible
changes in synaptic NMDAR properties produced by mhtt. Synaptic NMDAR cur-
rents recorded from MSNs in corticostriatal slices from YAC72 mice were also
enhanced compared to those recorded from WT mice, and this enhancement was
found to reflect a postsynaptic NMDAR-selective mechanism,’-116 suggesting that
mhtt preferentially modulates NMDAR function.

2.3.4.3 NR2B-Selective Hypothesis of Mhtt-Mediated
Enhancement of NMDA Receptor Function

One of the first demonstrations of an effect of mhtt on NMDAR function arose
from a study in which NMDARs composed of NR1/NR2A or NRI/NR2B were
expressed in HEK293 cells in conjunction with full-length human htt containing
15 or 138 polyQ repeats.*> Mhtt increased the responses of NMDARs composed
of NR1/NR2B, whereas NR1/NR2A NMDARs were not differentially affected by
the presence of WT or mutant htt.*> These results were underscored by a later find-
ing that mhtt selectively enhanced apoptotic cell death in HEK cells cotransfected
with NR1/NR2B and not NR1/NR2A,® indicating a possible preferential modula-
tion of NR2B-containing NMDARs by mhtt (the NR2B-selective hypothesis). Addi-
tional studies reported enhanced NMDAR-mediated toxicity for cells co-expressing
NRI1/NR2B, mhtt and PSD-95, which is dependent on tyrosine phosphorylation of
NRZB.IW,IIS

The possibility that the NR2B subunit may be necessary for selective modula-
tion by mhtt is not surprising, considering that the adult striatum is enriched in
NR2B (discussed above). Additional evidence for selective modulation of NR2B-
containing NMDARs has been provided in studies of YAC HD mice. In acutely
dissociated MSNs from juvenile mice and cultured MSNs from early postnatal
YAC72 mice, more than 50% of the NMDAR current was mediated by NR1/
NR2B NMDARs, whereas cultured cortical neurons with significantly lower
expression of NR1/NR2B showed no increase in NMDAR current densities for
YAC72 compared with WT mice.*'> Moreover, while NMDA-induced apoptosis
was increased in YAC72 compared with WT MSNs, no differential effect was
observed in cerebellar granule neurons (CGNs) that did not express NR2B under
the culture conditions used.*’” The NR1/N2B selective antagonist ifenprodil (IFN)
effectively eliminated apoptosis in both WT and YAC72 MSNs,* providing fur-
ther evidence of the important role that this NMDAR subunit combination plays in
NMDA-induced excitotoxic cell death in MSNs. An ifenprodil-sensitive enhance-
ment of glutamate-induced apoptosis in YAC128 relative to WT MSNs was also
reported.'!’
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2.3.5 ReLaTiONSHIP OF ENHANCED NMDA RECEPTOR ACTIVITY,
Excirotoxicity, AND MHTT PoLyQQ LENGTH IN MSN's

Because mhtt expression enhances NMDAR current in MSNs from a variety of HD
mouse models along with excitotoxicity in full-length mhtt-expressing cells and
neurons that also express high levels of NR1/NR2B, recent studies investigated the
relationship of altered NMDAR signaling and mhtt polyQ length. Cultured YAC72
MSNs were more susceptible to NMDA-induced toxicity than WT MSNs, although
no difference was observed between the two genotypes in response to AMPA appli-
cation,*’ supporting observations of selective enhancement of NMDAR currents
in corticostriatal slices®>!'® and correlating electrophysiological observations with
neurotoxicity.*’” Additionally, the enhancement of apoptosis by mhtt in YAC46 and
YAC72 MSNs was proportional to the length of the polyQ repeat,*” and NMDAR
current densities were significantly larger in YAC72 than YAC46 MSNs.!16

Enhanced sensitivity to apoptosis in YAC128 compared with YAC72 MSNs was
reported in response to subsaturating concentrations of NMDA supporting a further
increase in excitotoxic susceptibility with larger polyQ expansions in mhtt, although
apoptosis rates were equivalent when saturating concentrations of NMDA were
used.'?? In contrast to the correlation between increasing NMDAR current and toxic-
ity found with increasing polyQ length in YAC18, YAC46, and YAC72 MSNs,#:115.120
MSNs from YAC128 mice exhibited NMDAR current densities similar to WT and
YACIS8, and significantly smaller than in YAC72 MSNs.'92 These findings led to
the hypothesis that signaling events downstream of NMDAR activation contribute
to enhanced excitotoxicity in mhtt-expressing MSNs, and that those downstream
mechanisms are more important with extreme polyQ expansions.

2.4 DOWNSTREAM CONSEQUENCES OF NMDA RECEPTOR
ACTIVATION IN CELLS EXPRESSING MHTT

Ca?* is a central mediator of excitotoxic damage when it exceeds normal physiologi-
cal concentrations. As Ca?* homeostatic mechanisms are overwhelmed, a number of
intracellular mechanisms are activated, leading to cellular damage and/or toxicity.
These may include, among other signaling pathways, activation of Ca**-dependent
enzymes such as proteases, phosphatases, and lipases. Other pathological events can
ensue as a consequence of homeostatic mechanisms attempting to compensate for
elevated Ca?, for example, when mitochondria buffer excitotoxic levels of Ca?*, lead-
ing to loss of mitochondrial membrane potential, loss of adenosine 5’-triphosphate
(ATP)-generating ability, free radical generation, and generalized mitochondrial
dysfunction leading to neuronal death.!?!'22 The presence of mhtt can further impair
neuronal function at multiple points in this process downstream of NMDAR activity,
exacerbating the deleterious effects that mhtt may exert at receptor level.

2.4.1 Errects oF MHTT ON CAZ* HOMEOSTASIS

Activation of the NMDAR channel under physiological conditions allows the conduc-
tance of cations, predominantly Na* and Ca?* influx accompanied by K* efflux, with
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the Ca?* component of the current representing ~10 to 18%.!2312* Hence NMDARSs
are major routes for Ca?* influx. A number of damaging events can ensue from
excessive free cytosolic Ca>*—a downstream consequence of NMDAR activation in
MSNSs expressing mhtt.#811%120 These may include inappropriate enzyme activation
(i.e., calpains, calcineurin, other Ca?*-regulated enzymes) and mitochondrial dys-
function (see discussion below) that in turn exerts a number of toxic consequences.

Evidence from several HD models indicates that regulation of intracellular Ca?*
is altered in several ways, although not always predictably. Resting Ca** levels are
elevated in MSNs from R6/2 mice,** hippocampal neurons in symptomatic YAC72
mice,”? and an immortalized cell line derived from striatal neurons from a knock-in
HD mouse model.'?* Conversely, in studies of primary MSN cultures from YAC HD
mice, resting Ca?* levels were equivalent among WT, YAC46, and YAC72 MSNs*® and
WT, YACI8, and YAC128 MSNs.!"° Zeron et al.*8 found that stimulation of NMDARSs
in mhtt-expressing MSNs resulted in elevated Ca?* levels relative to controls.

Similarly, Tang and colleagues'"® found increased cytosolic Ca?* levels in YAC128
MSNss following repetitive glutamate stimulation. The increase was attributed in part
to enhanced IP3 receptor (IP;R)-mediated Ca?* release from the ER, downstream of
mGluR1/5 activation, as mhtt was found to sensitize the IP3R.!1?6 Hence, not only
does mhtt appear to enhance NMDAR activity and consequently Ca influx via
NMDARs,* it also may enhance the probability of intracellular Ca* release.

Similar mhtt-enhanced NMDAR-mediated Ca?* entries in MSNs were found in
N-terminal fragment HD models including the R6/246 and tgHD100 mice.!"* These
findings of altered Ca?* regulation in YAC HD mice were observed in MSNs obtained
from early postnatal mice,*®!" implying that these changes are present at birth and
may over time increase the risks of neuronal dysfunction and death.

NMDAR currents*# and Ca?" influx downstream of NMDAR activation*
are both enhanced in YAC72 compared to WT MSNs, correlating with enhanced
apoptosis levels in YAC72 MSNs compared to controls.*’'2° This difference in
apoptosis was abolished by using the competitive NMDAR antagonist 2-amino-
5-phosphonovalerate (APV) to reduce NMDAR-mediated Ca?* influx in YAC72
MSNs down to a level equivalent to that seen in WT MSNSs, indicating that enhanced
neurotoxicity produced by NMDAR activation in YAC72 MSNs resulted from aug-
mentation of NMDAR function by mhtt.”?® Similarly, NMDA-induced cytosolic
Ca? and apoptosis are both enhanced in YAC46 compared with WT MSNs.*8 In
YACI128 MSNs, cytosolic Ca?* accumulated after repetitive glutamate applica-
tion correlated with increased glutamate-induced neuronal death,!'® although acute
NMDAR-evoked cytosolic Ca?* was not significantly different from WT MSNs in
spite of the enhanced NMDAR-mediated apoptosis.'?>162 Thus, NMDAR-mediated
cytosolic Ca?t increases and enhanced apoptosis correlate well for moderate mhtt
polyQ expansions but other downstream pathways may play proportionately larger
roles in extreme polyQ expansions.

2.4.2 MITOCHONDRIAL AND BIOENERGETIC IMPAIRMENT IN HD

Because of the influence of mhtt on both NMDAR function and subsequent Ca?
entry and regulation, it follows that mitochondrial responses will also be affected.
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Mitochondria have electrochemical gradients across their inner membranes estab-
lished by the active extrusion of H* ions, in order to couple reentry of protons to
oxidative phosphorylation in the generation of ATP. Mitochondria may also utilize
this gradient to drive the uptake of Ca?* from the cytosol when local concentrations
exceed ~1 uM.!?7 During this process, the mitochondrial membrane potential (A¥,,)
is dissipated; under normal conditions it is reestablished through continued activity
of active H* transport, but excessive mitochondrial depolarization is associated with
increased risk of apoptotic neuronal death.!?8

NMDAR activation in YAC46 and YAC72 MSNs has been shown to produce
enhanced mitochondrial depolarization associated with increased cytosolic Ca?*
levels and apoptosis as noted earlier.*®120 Furthermore, mitochondria isolated from
HD patients and from YAC72 mice exhibited reduced resting A'¥,, and depolarized
to a greater extent when stressed.!?®130 Expression of mhtt reduces the ability of
mitochondria to reestablish baseline AW, .3! These observations demonstrate that
mhtt-mediated changes in NMDAR function can produce adverse consequences on
neuronal health beyond altered activity of the receptor.

Ca?* cycling between the mitochondria and cytosol occurs normally as a con-
sequence of physiological activity, such as during synaptic activity. However, when
excessive concentrations of Ca* are achieved, such as during excitotoxic stimuli,
mitochondrial Ca** uptake leads to pathological activation of a conductance known
as the mitochondrial permeability transition (mPT),!3>-134 associated with apoptotic
neuronal death processes.'>~13” The mPT is thought to be formed by the association
of several mitochondrial membrane proteins including the voltage-dependent anion
channel (VDAC), adenine nucleotide translocase (ANT), and cyclophilin D to create
a pore that allows the movement of ions and small proteins (up to ~1.5 kDa) out of
the mitochondria.!38-140

Activation of the mPT short-circuits A¥,_, preventing ATP generation and allow-
ing the release of Ca?* and apoptotic factors into the cytosol, including cytochrome
¢ which leads to activation of caspase-9.13+140-142 NMDA-induced mPT activity has
been observed in murine MSNG, 3 and inhibitors of mPT formation have been shown
to prevent NMDA-induced apoptosis in YAC HD MSN culture preparations, includ-
ing YAC46 and YAC128.431% Following prolonged NMDAR stimulation, the release
of cytochrome c¢ from mitochondria and activation of caspase-9 has been shown to
occur in primary MSN cultures from YAC128 and YAC46 mice, respectively,*3!1
indicating induction of the mPT and intrinsic apoptotic pathways.

Although YAC128 MSNs are more sensitive than YAC18 MSNs to most toxic
stimuli that increase intracellular Ca?*, the largest differences were reported in
response to NMDAR activation.!?® This finding is consistent with previous work
suggesting that mitochondria preferentially buffer Ca?* entering via NMDARs and
that Ca” influx via these receptors has privileged access to mitochondria compared
to the Ca?* increases from other sources.!*+!% Thus, the route of Ca?* entry may play
a significant role in determining the extent of mhtt-induced enhanced toxicity.

Several observations indicated that mhtt may directly impair mitochondrial
function. Studies of human HD brain tissue have noted decreased enzyme activity
in a number of electron transport chain components, including complexes II, III
and IV'46-149 and aconitase,'”® enzymes involved in mitochondrial ATP generation.
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Indeed, defects in mitochondrial complex II have also been noted in MSNs express-
ing HttN171-82Q."5! ATP-to-ADP ratios that reflect mitochondrial energy produc-
tion decrease with increasing CAG repeat length in human lymphoblastoid cell lines
and striatal neurons from a knock-in HD mouse model.!*> Other studies that used
mitochondrial toxins!?®1?8 or conditions under which mitochondria are solely relied
upon for energy production'' indicate that mitochondrial function is impaired by
expression of mhtt. Finally, studies using systemic inhibitors of mitochondrial com-
plex II to mimic HD pathology in animal models in a manner sensitive to NMDAR
antagonists!!!! illustrate that mitochondrial dysfunction, alone or in conjunction
with upstream alterations in NMDAR function and Ca?* handling changes, may
impact neuronal survival, especially of MSNs, in the context of HD.

2.4.3 Impracts oF NMDA RECEPTOR ALTERATIONS AND
MitocHONDRIAL DYSFUNCTION ON CELL DEATH

In summary, a variety of studies have indicated that NMDAR function and signaling
and also mitochondrial function are altered in tissues from humans with HD and in
mouse models of HD. Altered NMDAR activity and signaling result in enhanced
calcium loads and mitochondrial stress. In turn, mitochondrial dysfunction leads to
impaired ability to buffer NMDAR-mediated calcium loads and mitigate free radical
damage. Resultant reduced ATP levels may impact ability to maintain resting mem-
brane potential, leading to relief of magnesium block and further enhancement of
NMDAR activity. In addition, a lower threshold for induction of the mPT!30:16 facili-
tates triggering of the apoptotic death program. Together, these changes increase
vulnerability of striatal MSNs to excitotoxic cell death (Figure 2.1).

2.5 ALTERATIONS OF NMDA RECEPTOR-MEDIATED
SYNAPTIC TRANSMISSION AND PLASTICITY IN HD

The use of animal models of HD (reviewed in Section 2.2) allows the detailed study
of changes in synaptic function and neurotransmission that may be relevant to HD
pathogenesis or progression, or underlie neuronal dysfunction prior to death. Studies
of corticostriatal pathway function in this context revealed both pre- and post-synaptic
changes associated with mhtt expression. Alterations of synaptic plasticity have been
documented in several brain regions. The next section briefly reviews these changes
focusing on those that directly impact or rely on NMDAR function.

2.5.1 CHANGES IN CORTICOSTRIATAL PATHWAY NEUROTRANSMISSION

Presynaptic changes in neurotransmitter release may presage synaptic dysfunction
in HD. For example, while no changes in glutamate release probability are appar-
ent in presymptomatic YAC72 mice compared with WT corticostriatal slices,!'®
abnormally large spontaneous EPSCs in MSNs in corticostriatal slices that coin-
cide with the onset of observable symptoms occur at higher frequencies in the R6/2
mouse model.>? Interestingly, the frequency of spontaneous EPSCs decreased over
time in R6/2 mice as the HD phenotype became more apparent'> and paired-pulse
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FIGURE 2.1 Overview of functional consequences of mhtt—-NMDAR interaction. Mhtt
influences MSN responses to NMDAR activation at several points including the NMDAR,
cytosolic Ca?* handling, and mitochondrial function. Reported effects include (1) increased
rate of NMDAR forward trafficking leading to accumulation of NMDARs at plasma mem-
branes; (2) decreased sensitivity of NMDARSs to Mg?* block; (3) possible changes in NMDAR
subunit composition over time; (4) increased NMDAR function due to enhanced phosphory-
lation of serine and tyrosine residues; (5) decreased interaction between PSD-95 and mhtt
that produces a net increase in NMDAR-mediated cell death; (6) embedding of mhtt frag-
ments in mitochondrial membranes, associated with impaired mitochondrial function; (7)
mitochondria in MSNs expressing mhtt show decreased resting membrane potentials and
depolarize more readily (8) when challenged by increasing free Ca?*; and (9) mitochondria
in cells expressing mhtt have reduced ability to generate ATP via oxidative phosphorylation.
These pathological events downstream of NMDAR activation can result in neurotoxicity
via activation of the intrinsic apoptotic pathway where cytochrome c is released into the
cytosol from injured mitochondria, activating caspases and resulting in apoptosis. Elevated
levels of Ca?* in the cytosol may also increase calpain activity, an event associated with
neurotoxicity.

facilitation was reduced in both presymptomatic and symptomatic R6/2 mice.!>* Mor-
phologically, symptomatic R6/2 mice had lower dendritic spine densities, reduced
dendritic shaft diameters, and smaller dendritic fields—changes that would likely
impair neurotransmission.!>?

One early postsynaptic change reported in presymptomatic YAC HD mice
is selective enhancement of evoked synaptic NMDAR currents, as NMDAR- to
AMPAR-mediated EPSC amplitude ratios were significantly increased in YAC72
mice in the absence of changes in presynaptic function.!'*!1® Enhanced sensitivity of
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MSNss in striatal slices to exogenous NMDA application has also been noted in other
mouse models.*6-194116 Hence, altered excitatory neurotransmission at corticostriatal
synapses may play a role in neuronal dysfunction prior to neurodegeneration.

2.5.2 SynapTic Prasticiry IN HD MobeLs

The cognitive changes that occur in HD patients relatively early in disease progres-
sion may, in part, reflect changes in NMDAR synaptic signalling associated with
mhtt expression. A number of studies demonstrated alterations in activity-dependent
synaptic function at a cellular level in HD models, implicating these changes as basic
aberrations underlying higher order dysfunction.

A reduction in presynaptic function is a possible reason for impaired LTP induc-
tion noted in a knock-in HD mouse model."* Basal CA3-CA1 synaptic transmission
in hippocampal slices is normal in these animals, despite a decrease in mean LTP
magnitude.”” Note that the mechanisms for LTP induction are present, but these syn-
apses have increased thresholds of activity required for LTP expression, likely due to
decreased release of glutamate during high frequency stimulation (HFS).!>*

Hodgson and colleagues®? found that hippocampal LTP could not be induced in
10-month old YAC72 CAL synapses despite observations of HFS-induced NMDAR-
mediated hyperexcitability and enhanced short-term potentiation in hippocampal
slices from the same animals at 6 months. In fact, HFS in hippocampal slices from
10-month old YAC72 CA1 synapses produced depression rather than potentiation.®
These data further support a gradual mhtt-mediated impairment of LTP, possibly
due to ongoing changes in postsynaptic NMDAR function.®> Hippocampal LTD and
LTP were also reported to be altered in R6 mouse models of HD. These changes have
been ascribed to postsynaptic changes in NMDAR function occurring prior to an
observable behavioral phenotype.'3>15¢ In addition to these examples of altered syn-
aptic plasticity in the hippocampus in HD mouse models, changes in cortical plastic-
ity in presymptomatic R6/1 HD transgenic mice have also been reported.'3-1%

Recent studies of the striatum—the most severely affected brain region in HD—
revealed changes in corticostriatal plasticity. The administration of 3-NP to produce
HD-like striatal lesions in rats produced MSN responses to HFS similar to those
seen in symptomatic R6/2 mice; in both HD models, LTP could be induced, but
the synapses were resistant to depotentiation of LTP by low frequency stimulation
(LFS).10 This alteration in depotentiation was sensitive to mAChR antagonists, sug-
gesting that alterations in cholinergic neurotransmission rather than NMDAR-medi-
ated activity are responsible.'®® Overall, the role of NMDARs in the corticostriatal
synapse and the influence of altered NMDAR function and/or composition on syn-
aptic plasticity in HD have only begun to be elucidated.

2.6 POSSIBLE MECHANISMS FOR MODULATION OF
NMDA RECEPTOR FUNCTION BY MHTT

Mhtt has been demonstrated to alter NMDAR function in several ways. Peak
NMDAR current density was increased in YAC72 MSNs relative to MSNs from
WT animals, whereas no such potentiation was seen in cortical pyramidal neurons
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from the same animals.'”> In addition to a region-specific regulation of NMDAR cur-
rents, currents evoked by kainate application were not enhanced in YAC72 MSNS,
indicating a receptor type-specific mechanism."'> An observed increase in NMDAR:
AMPAR-mediated EPSC amplitudes in MSNs in corticostriatal slices from YAC72
compared to WT mice indicates that the mechanisms underlying these alterations
are not restricted to isolated MSNs expressed in primary cultures.!'¢

Earlier research in HEK cells coexpressing NMDARs with mhtt did not reveal a
specific effect on single channel function.*> How was this selective enhancement of
whole-cell NMDAR activity achieved? Fan and colleagues''> demonstrated a shift of
NMDARs from internal pools to plasma membranes and a significantly faster rate
of NMDAR insertion to the surface in YAC72 MSNs than in WT MSNs in a manner
selective for NMDAR subunits but not the AMPAR subunit GluR1. An enrichment
of the C2’ cassette in NRI1 that possibly accelerated the release of NMDARs from
the ER'®! was also reported.!"> Hence mhtt expression produced a redistribution of
NMDAREs, resulting in increased surface NMDAR expression.

While no mhtt-induced shift of NMDAR subunit composition appeared in YAC
mouse models of HD, a recent study in the R6/2 model of HD demonstrated a sig-
nificant decrease in the percentage of MSNs expressing mRNA for NR2A at all
ages including presymptomatic time points without significant changes in mRNA for
NRI1 and NR2B (at least until 12 weeks of age).” This early shift in NMDAR subunit
composition coupled with increased sensitivity to NMDA and reduced sensitivity to
block by Mg?* may contribute to dysfunctional transmission at the corticostriatal
synapse.*

Mhtt may also modulate NMDARs via intermediate interacting proteins. In a
heterologous system, mhtt expression increased Src-mediated tyrosine phosphory-
lation of NMDARs, an effect enhanced by expression of PSD-95.1"% Other mhtt-
mediated alterations of NMDAR phosphorylation were documented in N171-82Q
mouse models of HD: down-regulation of PSD-95 expression and of the dopa-
mine DI receptor pathway that normally acts via protein kinase A activation to
phosphorylate Ser897 of NR1 and increase NMDAR activity.”® These events were
interpreted as compensatory measures to reduce NMDAR-mediated excitotoxicity
but could have the undesired effect of synaptic dysfunction.’® Finally, while htt
indirectly interacts with NMDARs via PSD-95, mhtt has a reduced ability to inter-
act with PSD-95, increasing the vulnerability of neurons to glutamate-mediated
excitotoxicity.!’® Thus, several possible mechanisms may allow mhtt to modulate
NMDAR function at the receptor level and may contribute to excitotoxicity in HD
(see Figure 2.1).

2.7 SUMMARY

Ample evidence suggests a critical role for NMDARs in initiating MSN dysfunction
and death in HD. The expression of mhtt may produce changes in NMDAR com-
position, trafficking, and function. Additionally, it may affect neuronal responses to
NMDAR activation, particularly those downstream of and dependent upon Ca?*sig-
nalling and mitochondrial pathways (Figure 2.1). Evidence from cellular and animal
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models of HD suggests that these changes in turn can alter synaptic function and
enhance the susceptibility of MSNs to NMDAR-mediated excitotoxicity in a polyQ
length-dependent fashion. In summary, NMDARs may play a prominent role in the
pathology of HD. The complexity of the interactions between mhtt and NMDARs
presents a number of possible targets for effective and selective therapies.
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3.1 INTRODUCTION

N-methyl-D-aspartate (NMDA) and dopamine (DA) receptors and their interactions
control an incredible variety of functions in the intact brain and, when abnormal,
these interactions underlie and contribute to numerous disease states. These receptor
interactions are relevant in such diverse functions as motor control, cognition and
memory, neurodegenerative disorders, schizophrenia, and addiction. It is thus not
surprising that a wealth of information has been generated by the neuroscience
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community interested in the coordinated functions of NMDA and DA receptors.
This chapter will describe the numerous mechanisms underlying DA-NMDA recep-
tor interactions, particularly in the striatum, the main focus of our investigations.

DA modulation of spontaneous or glutamate-induced action potentials in the
caudate nucleus has been known for some time.'=* Since the discoveries of differ-
ent subtypes of glutamate and DA receptors, the number of potential interactions
and their mechanisms has multiplied because the functions of glutamate and DA
receptor subtypes are governed by multiple factors that tap into different types of
signaling systems. Thus, the outcomes of interactions of these receptor families can
be very diverse.

It has been 10 years since we published our first review summarizing known
DA-NMDA receptor interactions and their mechanisms.* Since then, exciting find-
ings have added new levels of complexity. For example, in addition to intracellular
interactions via second messenger pathways, recent studies revealed the presence of
physical interactions between NMDA and DA receptors at the membrane and cyto-
plasm levels. Furthermore, the generation of mice deficient of specific DA recep-
tors or NMDAR subunits and mice expressing enhanced green fluorescent protein
(EGFP) under the control of specific DA receptor subtype promoters has provided
new tools for studying relationships of DA and NMDA receptors.

3.2 CLASSIFICATION AND MORPHOLOGICAL BASIS
FOR INTERACTIONS AMONG GLUTAMATE
AND DA RECEPTOR SUBTYPES

Glutamate receptors have been classified as ionotropic and metabotropic. Iono-tropic
glutamate [0i-amino-3-hydroxy-5-methyl-4-propionate (AMPA), kainate (KA), and
NMDA] receptors are ligand-gated cation channels, whereas metabotropic glutamate
receptors are coupled to various signal transduction systems.””” NMDARs are unique
in that their activation is governed by a strong voltage dependence due to receptor
channel blockade by Mg?* at hyperpolarized membrane potentials.® Mg?* blockade
gives NMDARs their characteristic negative slope conductance.

DA receptors also exhibit diversity. Five receptor subtypes have been cloned.
They are classified into two main families: the D1 (D, and D5 receptor subtypes)
and the D2 families (D,, D;, and D, receptor subtypes).>!? All DA receptors are G
protein-coupled and primarily alter the production of cAMP in cells when activated
but also can affect other transduction systems. In this chapter, subscripted notations
indicate DA receptor subtypes and nonsubscripted notations indicate the two DA
receptor families.

The striatum is the main input structure of the basal ganglia. It is a central
region where afferents from the cerebral cortex, thalamus, and substantia nigra
converge and interact. Glutamate is released from cortical and, to a lesser extent,
thalamic terminals.!> DA is released from nigrostriatal terminals.'* Because
glutamate and DA inputs terminate on the same spines of striatal medium-sized
spiny neurons (MSSNs), these sites offer the potential for physiological interac-
tions between the glutamate and DA transmitter systems.'* Morphological evidence
demonstrates the presence of synaptic complexes formed by axospinous contacts
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in which the dendritic spine is the target of both an asymmetric (glutamatergic)
bouton and a DA-positive symmetric synapse in striatal MSSNs.!5 This arrange-
ment is also found in cortical pyramidal neurons'® and provides a morphological
basis for DA—glutamate receptor interactions at synapses. These interactions in the
striatum support major sensory, motor, cognitive, and motivational functions.'”-?!
In the cortex, they affect learning and memory?? as well as normal and abnormal
thought processes.?

DA receptors are also found presynaptically, where they can modulate neu-
rotransmitter release. In the dorsal striatum, D, receptors are present on corticostria-
tal inputs and function to decrease glutamate release by presynaptic mechanisms.?+-?’
Conversely, DA release can also be modulated by activation of glutamate receptors
located on DA terminals.?®?° Glutamate and DA receptor interactions are complex
and their outcomes depend on a number of factors including receptor subtype, site of
action (i.e., pre- or postsynaptic), timing of inputs, and concentration of neurotrans-
mitter, to name only a few. For more exhaustive reviews see Cepeda and Levine*and
Seamans and Yang.*°

3.3 DA AND D1 RECEPTOR ENHANCEMENT OF
NMDA RECEPTOR-MEDIATED RESPONSES

DA and D, receptor-mediated potentiation of NMDA responses was first described
in human cortex and rodent striatum in the early 1990s.33? Since then, with only a
few notable exceptions,**3 this enhancement has been verified in these and other
brain structures.®-3% D, receptor potentiation of NMDA responses can lead to sig-
nificant functional consequences. For example, potentiation of NMDAR-mediated
responses can emphasize the most important input signals, but can also enhance
glutamate activity, predisposing the system to excitotoxicity. In the striatum, activa-
tion of D, receptors is required for the induction of long-term potentiation (LTP),3%40
suggesting further that activation of DI receptors effectively amplifies cortical sig-
nals to the striatum.¥

Although NMDA and DI receptor interactions are clearly important, the nature
and consequences of these interactions are complex and in some cases controversial
or not fully elucidated. Multiple mechanisms underlie the interactions of D, and
NMDARs and fall into two main categories: interactions through signal transduc-
tion systems and direct physical interactions (Table 3.1).

3.3.1 INTERACTIONS THROUGH SECOND MESSENGERS

D, receptor enhancement of NMDA responses can be mediated by a number of
redundant and cooperative signaling cascades in the striatum.*3° The most prominent
involve protein kinase A (PKA) and dopamine- and adenosine-3’,5-monophosphate
(cAMP)-regulated phosphoprotein of 32 kDa (DARPP-32),37424 phosphorylation of
NMDAR NRI subunits,* and activation of voltage-gated Ca?* channels, particularly
L-type channels.*>46

In other cerebral regions, different mechanisms may occur. For example,
in the nucleus accumbens, NMDAR potentiation by phospholipase C-coupled
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TABLE 3.1

NMDA-D1 and NMDA-D2 Receptor Interactions

Preparation

Brain slices, oocytes
Dissociated cells

Region

Effect

Mechanism

NMDA-D1 Receptor Interactions

Striatum
Cortex

T NMDA responses

cAMP-PKA-DARPP-32
C a2+

References

31,32,36,43,42

37,44, 45,46

Brain slices N. Accumbens D]/ST NMDA PKC, Ca?*, PKA 38,35, 112
responses
Dissociated cells Cortex
Cell cultures Striatum T D, receptors in Ca?*-dependent 2
spines
Organotypic cultures ~ Striatum T D, receptors in Allosteric change, 3
spines diffusion trap
HEK?293, cell cultures Hippocampus | NMDA currents ~ D,-NR2A binding 49
d Excitotoxicity D;-NR1 binding
HEK293, COS7, PSD  Striatum Translocation of Oligomerization 57
D,-NR1 D,-NR1
d D, agonist-
induced
internalization
Synaptosomes from  Striatum T NR1, NR2A, Fyn protein tyrosine %3¢
brain slices NR2B in kinase
synaptosomes
NMDA-D2 Receptor Interactions
Brain slices Striatum J NMDA responses  { cAMP, Ca2+? 2
Cortex | NMDA responses ~ Activation of GABA, 4
receptors
Brain slices Cortex D, ! NMDA l PKA, CaM 6
responses kinase II
Brain slices Hippocampus D, { NMDA PDGF f 70
responses
Cortex D,; | NMDA PDGF B "
responses

D,-like receptors occurs via protein kinase C (PKC) activation.’ Similarly, in corti-
cal pyramidal neurons, intracellular application of the calmodulin Ca?* chelator or
inhibition of PKC activity significantly reduces the potentiation of NMDA currents,
indicating that this interaction may be independent of PKA.38

3.3.2 PHysicAL DA—NMDA REeCEPTOR INTERACTIONS

In addition to modulation of NMDAR function through activation of signal trans-
duction cascades,**® recent studies have shown that physical interactions between
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these receptors allow cross-talk via receptor linkages. Direct physical interactions
between the C-terminal tails of D, receptors and either the NR1 or NR2A NMDAR
subunit have been demonstrated.*® These protein—protein interactions are function-
ally relevant because D, receptor activation decreases NMDA currents when PKA
and PKC activation are blocked.

Evidence indicates that the D, interaction with the NR2A subunit is involved in
the inhibition of NMDAR-gated currents. The reduction of NMDA currents occurs
via a decrease in the number of cell surface receptors.*” The D, interaction with the
NR1 subunit has been implicated in the attenuation of NMDAR-mediated excitotox-
icity through a phosphatidylinositol 3-kinase (PI-3 kinase)-dependent pathway. The
D,—NR1 interaction also enables NMDAR activation to increase membrane inser-
tions of D, receptors.*°

The observation that physical receptor—receptor interactions reduce NMDA cur-
rents when second messenger pathways are blocked has been complicated by the
demonstration that other mechanisms independent of D1 receptor activation may pro-
duce similar effects. A recent study revealed that one mechanism underlying reduc-
tion of NMDA currents is direct channel pore block of NMDARSs by DA and several
DI receptor ligands.>' Thus, without excluding the possibility that receptor-receptor
interactions may lead to functional modulation, the inhibitory effects of DA or its
agonists and antagonists require further examination since they may also occlude
the channel.

3.4 RECIPROCAL D1-NMDA RECEPTOR INTERACTIONS

Activation of one type of receptor may alter the distribution of other types. In pri-
mary cultures of striatal neurons, activation of NMDARs increased the recruitment
of D, but not D, receptors into the plasma membrane.*?> This translocation is abol-
ished in the presence of an NMDAR antagonist or by removing Ca?*. After NMDA
treatment, a dramatic increase in the number of D, receptor-containing spines
occurs.

The translocation of D, receptors to the plasma membrane was confirmed in
subcellular fractionation experiments using slices of adult rat striatum. Furthermore,
in striatal organotypic cultures from rat, application of NMDA caused an increase in
D, receptor-positive spines.3

Surprisingly, under these conditions, this effect is independent of Ca?* and also
occurs in the presence of Mg?*. Thus, in addition to the Ca?*-dependent recruitment
of D, receptors by activation of NMDARS seen in primary cultures, other NMDAR-
dependent mechanisms may cause redistribution of D, receptors to spines. This is
achieved by a diffusion trap mechanism in which subsets of D, receptors that typi-
cally move by lateral diffusion in the plasma membrane are trapped in the spines
when NMDA binds to its receptor. Exposure to NMDA reduces the diffusion rate of
D, receptors and allows the formation of D,-NMDA heteroreceptor complexes.

This process may be explained by the allosteric theory of receptor activation.’*
After ligand binding, one conformation of the receptor is stabilized, shifting the
equilibrium toward this state so that occupation of the binding site of the NMDAR
favors a conformation that will bind to D, receptors and thus stabilize them in spines.



46 Biology of the NMDA Receptor

This mechanism is highly energy-efficient because it depends on D, receptor diffu-
sion and NMDAR allosterism—not on activation of transduction systems and intra-
cellular signaling.”>® One interesting caveat to these studies is that glutamate is the
endogenous agonist for NMDARs and these experiments did not examine all the
outcomes in the presence of glutamate rather than NMDA, bringing into question
the natural relevance of some of these findings.

While activation of NMDARs induces changes in the distribution of D, receptors,
the converse is also true. D, receptor activation produces an increase in NR1, NR2A,
and NR2B proteins in the synaptosomal membrane fraction® that is dependent on
Fyn protein tyrosine kinase but not DARPP-32.5° Based on the partial overlap of
NMDA and D, receptors in dendritic spines, protein—protein interactions may direct
the trafficking of D, and NMDARs to the same subcellular domain.

The mechanism by which D, receptors are delivered to different spine domains
was examined in co-immunoprecipitation studies.> In the striatal postsynaptic den-
sity (PSD), the D, receptor selectively complexes with the NR1 subunit of the NMDA
channel through its C-terminal tail. The physical proximity between D, receptors
and NRI1 subunits can best be explained by the formation of constitutive protein
dimers. Oligomerization with the NMDAR thus regulates D, receptor targeting to
the plasma membrane. When the D, receptor and the NR1 subunit are coexpressed
in HEK?293 cells, the D, receptor is only partially targeted to the cell membrane,
with most of the D, receptor staining retained in cytoplasmic structures where it is
colocalized with NRI1.

Coexpression of the D, receptor with both the NR1 and NR2B subunits relieves
the cytoplasmic retention of the complex, allowing insertion of both the NR1 subunit
and the D, receptor at the plasma membrane, where they are completely colocal-
ized. These data suggest that D, and NMDARs are assembled as oligomeric units
in the endoplasmic reticulum and transported to the cell surface as a preformed
complex.”” This implies that a direct protein—protein interaction with the NMDAR
is one of the mechanisms directing the trafficking of D, receptors to specific subcel-
lular compartments. This direct interaction may be crucial to recruit the D, receptor
to the place where synaptic activity occurs and to keep it in close proximity to the
NMDAR to allow rapid cAMP-PKA-DARPP-32-mediated potentiation of NMDA
transmission.”’

It is interesting that the current evidence indicates that most physical hetero-
receptor interactions lead to mutual inhibitory effects. This idea seems to contrast
with the well-known observation that D,—_NMDAR complexes play a role in enhanc-
ing synaptic plasticity and potentiating NMDA responses.

3.5 TOPOGRAPHIC AND TEMPORAL ASPECTS
OF D1-NMDA OCCURS RECEPTOR INTERACTIONS

The ultimate outcome of DI-NMDAR interactions depends on a number of factors
including temporal and topographic aspects (i.e., when and where the receptors are
activated).** The outcome of activation of interacting receptors in the brain may
depend on the temporal sequence of neurotransmitter release. For example, activation



NMDA and Dopamine Diverse Mechanisms 47

of D, receptors due to DA release caused by unexpected reward can prime particu-
lar corticostriatal synapses (including synapses in the nucleus accumbens) and recruit
D,—~NMDAR complexes in a regulated manner.>’

Reynolds et al.’® measured responses to cortical afferents before and after intra-
cranial self-stimulation of the substantia nigra that would release DA. Such stim-
ulation of DA cells with behaviorally reinforcing parameters induces potentiation
of glutamatergic corticostriatal synapses that is blocked by administration of a D1
receptor antagonist. Timing is an important requirement for this type of synaptic
plasticity because DA release should occur before excitatory afferents are activated
in order to induce potentiation.”® It is tempting to speculate that if D, receptors are
activated first, G protein- and Ca?*-dependent oligomerization of D,—-NMDARs
occurs, providing a regulated delivery of these complexes to plasma membranes,
dendritic spines, or both. Massive DA release due to unexpected reward enhances
the relevance of the stimulus by potentiating NMDA responses. This process is par-
ticularly important in MSSNs enriched with D, receptors.

DA concentration and the mode of release are also important. Phasic release may
produce different effects from tonic release. MSSNs are constantly bombarded by
cortical and thalamic inputs and tonic release of DA filters a sizable percentage of
these glutamatergic inputs through D, receptors located on presynaptic terminals.®
Higher local concentrations of DA occurring when it is phasically released are likely
to activate D1 receptors and enhance selected corticostriatal synapses. For synaptic
responses, studies in cortical pyramidal neurons revealed that the enhancement of
NMDAR-mediated responses by DA follows an inverted U-shaped dose-response
curve®® in agreement with the idea that optimal levels of D1 receptor activation are
required for efficient working memory formation.®' Too much DA and hence too
much activation of D1 receptors, as during stress, may be deleterious for cortical
function.

3.6 REDUCTION OF NMDA RECEPTOR-MEDIATED
RESPONSES BY DA OCCURS VIA D2 RECEPTORS

In contrast to the enhancing effects of D1 receptors on NMDAR-mediated responses,
D2 receptor activation leads to inhibitory effects.’? This may be relevant to prevent-
ing excessive activation of NMDARs and its consequent Ca?* accumulation that may
be deleterious to neurons. For example, DA and the D1 receptor agonist SKF 38393
increased the magnitude of NMDA-induced cell swelling, an index of excitotoxic-
ity.0263 This effect was reduced in the presence of SCH 23390 (a D, receptor antago-
nist), demonstrating specificity. In contrast, activation of D2 family receptors with
quinpirole (a D2 receptor agonist) resulted in decreased cell swelling.%* These results
provided evidence that DA receptors have the potential to modulate excitotoxicity
in the striatum, a process suggested to be responsible for cell dysfunction and ulti-
mately cell death as in Huntington’s disease (HD).

Compared to DI-NMDAR interactions, much less is known about the mech-
anisms by which D2 receptor activation leads to reduction of NMDA currents.
Decreased cAMP production and PKA activity are certainly potential mechanisms.
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D2 receptors also can modulate neuronal excitability by activating the PLC-IP,—
Ca? cascade.® However, at least in cortical pyramidal neurons, D2 attenuation of
NMDA responses does not require intracellular Ca?* or PKA inhibition but requires
activation of GABA , receptors, suggesting that this effect is mediated through exci-
tation of GABA interneurons.*®

D, receptors are abundant in the prefrontal cortex® and may play an important
role in schizophrenia and other psychiatric disorders.®” Mice lacking D, receptors
show signs of hyperexcitability.®® Application of a D, receptor agonist produces a
decrease of NMDA currents via inhibition of PKA, activation of PP1 and the con-
sequent inhibition of Ca?* calmodulin-dependent kinase I1.%* In CAl pyramidal
neurons, quinpirole depresses excitatory transmission mediated by NMDARs by
increasing release of intracellular Ca*. This depression is dependent on transactiva-
tion of platelet-derived growth factor B by D, receptors.”® Similar effects were found
in prefrontal cortical neurons but they were mediated by D,,; receptors.” Physical
coupling between D, receptors and NR2B subunits can also reduce NMDA currents.”?
The mechanism underlying this effect involves disruption of the association between
NR2B and CaMKII, thereby reducing subunit phosphorylation. It is believed that the
D,—-NR2B interaction plays a critical role in the stimulative effect of cocaine.”

3.7 GENETIC MANIPULATIONS OF DA-NMDA
RECEPTOR INTERACTIONS

The generation of mice lacking specific receptors or receptor subunits via genetic
engineering approaches marked a new era in the study of receptor function. These
techniques permit the generation of mice deficient in selective DA receptors or
NMDAR subunits. Our previous studies demonstrated that in D, receptor-deficient
mice, DA potentiation of striatal NMDA responses was greatly reduced.” Similarly,
presynaptic modulation of glutamate release along the corticostriatal pathway was
enhanced in D, receptor knock-out animals.?’

Our laboratory recently examined the enhancement of NMDA currents in mice
lacking NR2A subunits.”* Preliminary observations indicate that D1 modulation of
these currents is similar in MSSNs from wild type and NR2A knock-out cohorts. We
also examined D2 attenuation of NMDA responses in these mice and again found no
statistically significant differences in modulation levels. These results suggest that
the presence or absence of the NR2A subunit does not affect D1 or D2 modulation of
NMDAR-mediated currents. These studies are relevant to DA-NMDA interactions
as modulation of NMDA currents by DA receptors may be mediated by phosphory-
lation of specific receptor subunits or by physical coupling. Further, recent evidence
indicates specific NMDAR subunits may play different roles in synaptic plasticity
and excitotoxicity.”>"’

Mice that express EGFP reporter genes in a variety of cells have been gener-
ated.”® Mice that express specific DA receptor subtypes represent important tools
to differentiate neuronal populations within the striatum. DA or its agonists almost
always modulate responses induced by NMDAR activation in MSSNs. However, the
magnitude of this modulation varies from cell to cell possibly because D1 and D2
receptors are largely segregated in different populations of MSSNs.
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Although all MSSNs are GABAergic, they differ in expression of DA receptor
subtypes, peptide contents, and projection targets.”” Two major neuronal subpopula-
tions of MSSNs have been described. One projects primarily to the substantia nigra
pars reticulata and the internal segment of the globus pallidus (direct pathway). The
other subpopulation projects primarily to the external segment of the globus pallidus
(indirect pathway).®® MSSNs originating the direct pathway mainly express D, recep-
tors and colocalize substance P. MSSNs originating the indirect pathway mainly
express D, receptors and colocalize enkephalin although some overlap exists.3!-83

We are currently examining DA-NMDAR interactions in acutely dissociated
D, and D, EGFP-positive MSSNs. Application of SKF 812907 (a D1 agonist) dose-
dependently and reversibly increased NMDA currents in D; but not in D, cells.
NMDA current enhancement was prevented by SCH 23390 (a D1 antagonist).?
In contrast, quinpirole, (a D2 agonist), dose-dependently and reversibly decreased
NMDA currents in D, but not in D, cells. The effect was blocked by remoxipride, a
D2 antagonist. At the highest concentration, quinpirole induced decreases of NMDA
currents in some D, cells as well.

3.8 FUNCTIONAL RELEVANCE OF DA-NMDA
RECEPTOR INTERACTIONS

The function of DA-NMDAR interactions may vary according to the area in which
they occur. In the dorsal striatum, these interactions are important in motor control.
In the ventral striatum, they provide mechanisms that may underlie addiction. In the
frontal cortex, these interactions are implicated in working memory and cognition.
In other areas such as the amygdala, their role is less clear. Overall, the DI-NMDAR
interaction, when mediated by second messenger cascades, appears synergistic. The
membrane-delimited physical interactions appear antagonistic and have more rel-
evance to neuroprotection, with the caveat that DA agonists and antagonists can also
directly modulate the NMDAR channel pore.

In the striatum, electrophysiological studies have shown that high-frequency
stimulation of corticostriatal inputs induces LTP in normal physiological conditions
or after Mg removal.®-%° Activation of DI family receptors is required for LTP
induction,*® whereas coactivation of D1 and D2 receptors is required for LTD.?® The
mechanisms by which D1 receptors are permissive to LTP induction are unclear
but may involve enhancement of Ca?* influx through L-type channels.* In certain
conditions, cortical pyramidal neurons and striatal MSSNs oscillate between two
preferred (up and down) states.”! The DI-NMDAR interaction favors the transition
to and maintenance of the up state,”?> and thus is more permissive toward synaptic
plasticity involving potentiation.

Assuming there is segregation of D, (direct pathway) and D, (indirect pathway)
receptors in striatal MSSNs, plasticity that depends on DA-NMDAR interactions
is likely to go in different directions (produce different outcomes). Thus, the D1-
NMDAR interaction, by strengthening synapses in the direct pathway (LTP), may
function to reinforce a motor program, for example. The D2-NMDAR interaction,
by weakening synaptic strength (LTD) along the indirect pathway, may serve to
extinguish competitive motor programs.
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In the cerebral cortex, D1 receptors and DI-NMDAR interactions play a very
important role in working memory and cognitive function. In particular, accumu-
lating evidence indicates that induction and maintenance of persistent activity in
prefrontal cortex and related networks is dependent on DI-NMDAR interactions.??
Alterations of these receptors and their interactions occur in schizophrenia. One
important aspect of these interactions is the existence of an optimal level of DI
receptor activation below or above which DA’s effects on working memory are
deleterious.”

DI1-NMDAR interactions facilitate the transition and maintenance of the up
states in the cerebral cortex and may also initiate these state transitions.”> One caveat
of up and down states in the striatum or cortex is that they are best observed in
anesthetized animals or during slow-wave sleep and their relevance or even evidence
of their occurrence in the awake state is indirect or unknown. Recent studies of the
striatum indicate that these membrane transitions in waking animals do not occur
and cell firing is more random than in anesthetized animal preparations.®*

Synchronous activity (gamma oscillations) may occur in awake animals and this
activity may play an important role in cognition.”> Alterations in gamma oscilla-
tions, particularly in the frontal cortex, have been observed in schizophrenia.’®-° In
humans DA D, receptor and DA transporter-1 polymorphisms have been shown to
modulate gamma activity.!?

Another form of synchronous activity called neuronal “avalanche” has been
demonstrated to occur spontaneously in mature cortical organotypic cultures and
in slices after bath application of DI agonists and NMDA. %102 These avalanches
may play a role in optimizing information flow across cortical networks. Inter-
estingly, DI NMDA-induced avalanches displayed a U-shaped pharmacological
profile in which moderate DA concentrations maximize spatial correlations in the
cortical network; lower or higher concentrations reduce spatial correlations.!%> One
speculation is that phasic release of DA as during unexpected reward!* produces
exactly the correct concentration to enhance NMDAR activation and produce an
avalanche capable of sustaining working memory. This avalanche may propagate
or be replicated in striatal D, MSSNs to reinforce specific motor sets conducive to
reward.

DA-NMDA interactions also play an important role in neurodegenerative dis-
eases because unregulated enhancement of excitation, particularly excitation medi-
ated by NMDARs, will cause neuronal dysfunction and disturb structural neuronal
integrity. For example, the excitotoxicity hypothesis of HD posits that excessive glu-
tamate release at the corticostriatal terminal or altered sensitivity of postsynaptic
NMDARS and their signaling systems may induce cell death.!®> Studies in genetic
mouse models of HD confirmed increased sensitivity of NMDARs in MSSN, 106-108
However, the precise location of NMDARS in synaptic or extrasynaptic compart-
ments determines the outcome of receptor activation. In hippocampal neurons, acti-
vation of synaptic NMDARs triggers an anti-apoptotic pathway, whereas activation
of extrasynaptic NMDARs may cause cell death.'®®

Assuming that activation of NMDARSs recruits more functional D, receptors in
plasma membranes>%-3233 and that these D, receptors in turn recruit more NMDARs, >
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a positive feedback mechanism may be created and the outcome of these interactions
can be deleterious for the neuron if the mechanism is not stopped.!'°

Both D, and NMDARs independently exert toxic effects on striatal neurons.
In addition, D, receptor activation also potentiates NMDA toxicity.** A number of
protective mechanisms must be in place to prevent the deleterious effect of exces-
sive DI-NMDAR stimulation. Activation of D2 receptors may be neuroprotective
since it reduces NMDA responses.®*!!! Other mechanisms may be also considered.
For example, the interactions of D, and NMDARs independent of cAMP production
and the D,—~NR2B interaction both reduce NMDA currents and excitotoxicity.** The
diffusion trap system may represent a fast and efficient way to prevent excessive
potentiation of NMDA responses if it makes D, receptors less functional—a conclu-
sion that remains to be verified. One drawback is that this mechanism is more or less
random; the effectiveness of the trap depends on the availability of the prey. If D,
receptors are abundant and nearby, the trap will work, but it is nonetheless subject
to haphazard encounters.

3.9 CONCLUSIONS

It has been 15 years since the enhancement of NMDA responses by DI receptor
activation was first observed.’! As generally occurs with any scientific observation or
hypothesis, explanations become more complex than initially assumed. The poten-
tial mechanisms and even the outcomes of DI-NMDAR interactions continue to
multiply. We may speculate that various interactions accomplish different functions.
Some may be intended to enhance, whereas others may be designed to inhibit the
outcomes of receptor interactions. The traditional pathway involving DI receptor
activation and the cAMP-PKA-DARPP-32 cascade produces various effects that
enhance NMDAR function.*"#8

Physical interactions among these receptors, in the cytoplasm or in membranes,
add new levels of complexity. Two pathways in the formation of D,-NMDA heterore-
ceptor complexes are envisaged. One is G protein- and Ca?*-dependent, occurs in the
cytoplasm, and delivers the complex in a regulated manner to the plasma membrane,
in particular the PSD.5” The other is G protein- and Ca**-independent, is membrane
delimited, and may function as an inhibitory mechanism or brake to prevent and
dampen continuous positive feedback.>>>33 These interactions in conjunction with
the more traditional interactions through signaling pathways fine-tune neuronal func-
tion. Alterations of these interactions that occur in some pathological states jeopar-
dize functional and structural neuronal integrity. Understanding these interactions
and their possible consequences in normal and diseased states is essential for design-
ing better therapeutic approaches to treat psychiatric and neurological disorders.
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4.1 INTRODUCTION

Alcohol addiction is a costly and detrimental chronic relapsing disorder, character-
ized by compulsive alcohol use despite the negative consequences; it is thought to be
associated with aberrant learning and memory processes."> The NMDA-type gluta-
mate receptor (NMDAR) plays an essential role in synaptic plasticity and learning
and memory.>* Not surprisingly, it is well established that the NMDAR 1is a major
target of alcohol (ethanol) in the brain and has been implicated in ethanol-associated
phenotypes such as tolerance, dependence, withdrawal, craving, and relapse.> This
chapter focuses on studies elucidating molecular mechanisms that underlie etha-
nol’s actions on the NMDAR, and discusses the physiological and behavioral con-
sequences of ethanol’s actions. Finally, we summarize information regarding the
potential use of modulators of NMDAR function as medication to treat the adverse
effects of alcoholism.

4.2 ACUTE ETHANOL INHIBITION OF
NMDA RECEPTOR FUNCTION

In 1989, Lovinger et al. reported that ethanol (5-100 mM) acutely inhibits NMDA-
activated ion currents in cultured mouse hippocampal neurons.” The inhibitory
actions of ethanol on the activity of the channel were further demonstrated by
measuring NMDAR-mediated excitatory postsynaptic potentials/currents (EPSPs/
EPSCs) in slices from many brain regions such as the hippocampus,®-'3 cortex,313-13
amygdala,'®!” nucleus accumbens,'®!? and dorsal striatum,?’-??> as well as in mam-
malian heterologous expression systems such as HEK cells and Xenopus oocytes
expressing recombinant NMDARs. The reduction in NMDAR activity upon acute
exposure to ethanol is concentration-dependent and has a very rapid (less than
100 ms) onset when measured in NMDA-evoked currents using a fast solution
exchange technique.'+23.24

Single channel recordings in cultured cortical neurons revealed that ethanol
decreases the open channel probability and mean open time of native NMDARs.®
The precise mechanism by which ethanol rapidly inhibits NMDAR function is still
under investigation. However, the very fast reduction of channel activity in response
to ethanol suggests a direct interaction of the NMDAR subunits with ethanol to
regulate channel gating in nonneuronal mammalian cell culture models such as
HEK-293 cells, as well as Xenopus oocytes transfected with different combinations
of NMDAR subunits that are commonly used to determine ethanol sensitivity to a
defined subunit composition and/or amino acid substitution of specific amino acids,
as described below.

4.2.1 Tue NR1 SuBuNIT

The NR1 subunit is encoded from one gene. However, the subunit contains three
sites of alternative splicing, one in the N-terminus and two in the C-terminus.? This
results in a total of eight possible splice variants. The C-terminus of the NR1 subunit
is made of four cassettes (CO, C1, C2, and C2'),%° and the CO cassette is present in all
splice variants. The CO cassette is an important mediator of the inhibitory actions of
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ethanol on the function of the channel, as deletion of the CO cassette is reported to
reduce the potency of ethanol-mediated inhibition of NMDAR activity.?” However,
this deletion seems to affect only NRI1/NR2A, but not NR1/NR2B or 2C combina-
tions.?”?® In addition, several studies have suggested that amino acids within the
third and fourth transmembrane domain of the subunit confer the channel’s sensitiv-
ity to ethanol.?3°

4.2.2 NR2 SuBuNITS

Both NR2A- and NR2B-containing NMDARs are highly sensitive to the inhibitory
actions of ethanol and are thought to be more sensitive to ethanol than those con-
taining NR2C or NR2D subunits.?'-33 However, comparison of the degree of etha-
nol sensitivity of NR2A- and NR2B-containing receptors remains inconclusive. For
example, NR2B-containing receptors were found to be more sensitive to ethanol
compared to NR2A-containing ones,>* but opposite results were also reported.??-33
However, when comparing the sensitivities of different NR2 subunit-containing
NMDARSs to ethanol, it is important to note that the different NR1 splice variants
may also affect the sensitivity of a specific NR2 subunit-containing NMDAR to eth-
anol. For example, Jin and Woodward tested (in transfected HEK 293 cell) the effect
of ethanol exposure on 32 possible NMDARs consisting of 1 of 8 NR1 splice vari-
ants and 1 of 4 NR2 subunits. The maximal inhibition of channel activity in the pres-
ence of ethanol was observed in NR1-2b/NR2C, while the minimal one was found in
NR1-3b/NR2C, NR1-3b/NR2D, and NR1-4b/NR2C.% No single NR1 splice variant
or NR2 subunit showed a consistently high or low degree of ethanol inhibition when
combined with other NR2 subunits or NR1 splice variants.® These findings suggest
that the overall sensitivity of an individual NMDAR to ethanol depends on specific
combinations of NR1 and NR2 subunits. Finally, several amino acids within the
third and fourth transmembrane domains of the NR2A subunit have been identified
as residues that contribute to the inhibitory actions of ethanol on the activity of the
channel.?*36-38 However, whether or not point mutations in the NR2B subunit affect
ethanol sensitivity is yet to be determined.

In summary, the studies described above provide important information on the
mechanism of the fast inhibitory action of ethanol on the activity of the channel.
However, as these studies were obtained from nonneuronal systems, the results
should be further confirmed in more physiologically-relevant systems.

4.2.3 COFACTORS

Cofactors that contribute to the activity of the NMDAR, such as magnesium and
zinc ions, as well as the amino acid glycine, may also play a role in the molecular
mechanism mediating ethanol’s action on the activity of the channel. However, the
contribution of cofactors to the modulation of NMDAR activity by ethanol remains
unclear.

Mg?+ — Extracellular Mg?* voltage-dependently blocks the NMDAR channel
by binding to a deep site of the channel pore.**#° In hippocampal slices, the ICs, of
ethanol inhibition of NMDAR activity was reported to be ~50 and ~100 mM in the
presence of 1 and 0 mM Mg?*, respectively, suggesting that low Mg?* reduces the
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sensitivity of NMDARs to ethanol.l®# In amygdala slices, 44 mM ethanol inhibits
NMDAR-mediated EPSCs in 1 mM Mg?* by 30%, but loses its inhibition in 0.3 mM
Mg?*, and increases in NMDAR EPSCs in the presence of ethanol were observed in
0 Mg?, suggesting again that low Mg?* reduces the sensitivity of NMDARs to etha-
nol.' However, these results remain controversial, as other groups reported that Mg?*
does not affect the degree of ethanol inhibition of NMDAR response. For example,
in hippocampal slices, ethanol inhibition of NMDAR response was reported to be
similar in normal Mg (1.5 mM) and low-Mg? (0.1 mM) solutions.” In oocytes
expressing NR1/NR2A, NR1/NR2B, or NR1/NR2C, the presence of high (3 mM)
or low (0.01 mM) Mg does not alter ethanol sensitivity of NMDARs.3! In cul-
tured hippocampal neurons, Mg was also found not to affect ethanol inhibition of
NMDA-activated currents.*?

Glycine — The glycine binding site is located within the NRI subunit.*3-%3
Although some studies reported that glycine modulates ethanol inhibition of NMDAR
function,*¢-3! other studies have not found evidence to support this finding,3! 32:42.52-56

Zn** — In HEK-293 cells expressing NR1 and NR2A subunits, chelation of
Zn?** by EDTA reduced ethanol inhibition of NMDAR activity.’’3 However, such an
effect was not observed in another study.’!

4.2.4 POSTTRANSLATION MODIFICATIONS

Posttranslation modifications such as phosphorylation—dephosphorylation events,
which occur in a time frame of minutes after ethanol exposure, also contribute to the
inhibitory actions of ethanol on the NMDAR. For example, we found that exposure
of hippocampal slices to ethanol results in the internalization of NR2A-containing
receptors via a mechanism that depends on activation of the small G protein H-Ras and
inhibition of the tyrosine kinase Src.” We further showed that as a result of ethanol-
mediated internalization of the channel, the contribution of NR2A to the activity of
the channel is decreased.”

In addition, Alvestad et al. reported that acute ethanol treatment of hippocampal
CAl slices decreased the basal level of tyrosine phosphorylation of NR2A and NR2B
subunits, and that the phosphotyrosine phosphotase inhibitor bpV reduced ethanol
inhibition of NMDAR-mediated field EPSPs in hippocampal slices.®® As tyrosine
phosphatases contribute to both the activation and inhibition of the phosphorylation
and activity of NMDAR,?! it is likely that a tyrosine phosphatase contributes to the
acute effects of ethanol on NMDAR response.

4.3 FACILITATION OF NMDA RECEPTOR FUNCTION BY ETHANOL

4.3.1 Acute ToLeraANCE OF NMDA Receptors TO ETHANOL INHIBITION

As stated above, the primary acute effects of ethanol on NMDAR activity is inhibi-
tion. However, in some brain regions the inhibitory effect of ethanol is reduced as
a function of time. This acute decrease in the sensitivity of NMDARs to ethanol
inhibition is termed “acute tolerance,” and was first described by Grover et al. in
rat hippocampal slices, in which a significant decrease in ethanol inhibition was
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observed over a 15-minute period of ethanol exposure.®? Acute tolerance to ethanol’s
inhibitory actions on NMDAR function was later confirmed in both mouse and rat
hippocampal slices.!33%63

In addition, Li et al. showed that in spinal cord slices ethanol depressed NMDAR
activity by ~37% at 8—10 minutes, but only ~17% at 20 minutes. Neurons in other
brain regions including the nucleus locus creruleus,% the basolateral amygdala,'¢ and
rostral ventrolateral medulla® also show similar phenotypes of acute tolerance of
NMDAR activity to ethanol inhibition.

An interesting question is whether or not the tolerance will eventually counteract
the inhibitory effect of ethanol. The answer appears, at least in some preparations, to
be positive. For example, in hippocampal CA1 slices, we previously observed that
the NMDAR activity returns to its basal level after 35 minutes of ethanol applica-
tion.!® Similarly, in rostral ventrolateral medulla neurons, ethanol inhibition was not
detected 40 minutes after ethanol exposure.®

4.3.2 ReBOUND POTENTIATION AND LONG-TERM
FaciLitatioN oF NMDA REeceptor AcCTivITY

We (and others) observed that in various brain regions and in the spinal cord, the
activity of the channel is greatly potentiated upon ethanol washout,'321:96-%% and even
low concentrations of ethanol (10 mM) were shown to induce such potentiation.® In
addition, we recently observed that in dorsal striatal slices, acute ethanol exposure
and withdrawal results in long-term facilitation (LTF) of NMDAR-mediated EPSCs,?!
and a phenomenon similar to LTF was also detected in spinal cord slices,**-% in ros-
tral ventrolateral medulla neurons slices,®® and in locus ceruleus neurons slices.%*

4.3.3 MOLECULAR MECHANISMS MEDIATING FACILITATION OF
NMDA Receptor FUNCTION BY ETHANOL

The NR2 subunits are phosphorylated by the Src family protein tyrosine kinases
(PTKs) Fyn and Src,*! leading to upregulation of channel function.®! In 1997,
Miyakawa et al.®* observed that NR2B phosphorylation is increased after ethanol
administration in Fyn heterozygous (Fyn*-) but not in Fyn deletion (Fyn) mice,
and that acute tolerance to ethanol inhibition of NMDAR-mediated field EPSPs was
observed in hippocampal slices from Fyn*- but not from Fyn~- mice. These results
suggest a role for Fyn kinase in acute tolerance of NMDAR activity.

Several years later we identified a molecular mechanism that underlies this
phenotype. We found that in the hippocampus, the scaffolding protein RACK1
localizes Fyn kinase to the NR2B subunit;”® however RACK1 acts as a negative
modulator to prevent NR2B phosphorylation by Fyn kinase.”® Activation of the
cAMP/PKA pathway leads to dissociation of the trimolecular complex allowing
Fyn kinase to phosphorylate NR2B, which, in turn, leads to an increase in channel
function.”’7? Importantly, we found that exposure of hippocampal slices to ethanol
leads to the dissociation of RACK1 from the Fyn/NR2B complex via a mechanism
that requires activation of the cAMP/PKA pathway, leading to phosphorylation of
NR2B."?
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Our results further suggest that this mechanism accounts for the development
of acute tolerance in the presence of ethanol, and to the rebound potentiation upon
ethanol washout. We found that when the Src PTK inhibitor, PP2, was applied to
the hippocampal slice preparation prior to ethanol washout, the rebound poten-
tiation was not observed, and when the inhibitor was applied at the peak of the
rebound potentiation, a rapid inhibition of NMDAR activity was observed.'* Fur-
thermore, when recombinant RACK1 was added to the hippocampal slice prepara-
tion, ethanol-mediated NR2B phosphorylation was inhibited and acute tolerance
was not observed.!? Taken together, these results suggest that Fyn phosphoryla-
tion of the NR2B subunit is, at least in part, the mechanism that accounts for the
enhancement of the activity of the channel in the hippocampus in response to
ethanol exposure.

As mentioned above, in the dorsal striatum, acute ethanol exposure and with-
drawal leads to prolonged enhancement of NMDAR-mediated EPSCs upon ethanol
washout.?! Here, too, treatment with ethanol leads to NR2B phosphorylation both
ex vivo in slice preparations and in vivo, and the corresponding RACKI1 dissociation
from the trimolecular complex leading to the activation of Fyn kinase.?! Interest-
ingly, both Fyn activation and NR2B phosphorylation were observed after ethanol
washout. Importantly, the LTF of NMDAR-EPSCs was not observed in the presence
of the Fyn inhibitor PP2, in dorsal striatal slices from Fyn~- mice, or upon incuba-
tion of dorsal striatal slices with the selective NR2B-containing NMDAR inhibitor
Ro 25-6981.%1

Taken together, these results suggest that this mechanism of Fyn kinase dissocia-
tion from RACKI, leading to its activation and to NR2B phosphorylation, accounts
for the rebound potentiation and to LTF of NMDAR activity after ethanol exposure
in the hippocampus and dorsal striatum, respectively.

Finally, the metabotropic glutamate receptor®’ and PKCy® were found to be
required for the development of acute tolerance and withdrawal potentiation, respec-
tively, in the spinal cord. Specifically, Li et al. observed that the extent of etha-
nol inhibition of NMDAR activity is reduced from ~37% at 8§—10 minutes to ~17%
at 20 minutes, and that such reduction is enhanced by the metabotropic glutamate
receptor agonist ACPD and is attenuated by the antagonist MCPG, suggesting that
acute tolerance of NMDAR activity to ethanol in the spinal cord is developed in a
metabotropic glutamate receptor-dependent manner.¢’

Also, in spinal cord slices, Li et al. found that the NMDAR activity is potenti-
ated by ~24% at 18 minutes after a 15-minute ethanol application, and that such
potentiation is prevented by bath application of a PKCy inhibitory peptide yV5-3,
indicating that withdrawal potentiation in the spinal cord develops via a PKCy-
dependent manner.%®

4.3.4 BRrAIN RecGION-SPECIFIC ACTIONS OF ETHANOL

Interestingly, ethanol does not affect NMDAR function at all brain regions identi-
cally. For instance, an in vivo study showed that in the inferior colliculus and the hip-
pocampus, but not in the lateral septum, ethanol inhibited NMDA-induced neuronal
activity.”> An ex vivo imaging study showed that Ca?* influx through NMDARs in
neurons from brainstem was not affected by concentrations of ethanol as high as
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160 mM.7 Interestingly, the sensitivity of the NMDAR subunits to posttranslation
modifications upon ethanol exposure is also not universal throughout the brain.

We observed that in the hippocampus or the dorsal striatum, acute exposure to
ethanol resulted in an increase in the tyrosine phosphorylation of the NR2B subunit
of the NMDAR, leading to the upregulation of channel function, but none of these
phenotypes were observed in the prefrontal cortex or ventral striatum.!>?! We found
that Fyn is compartmentalized to the NR2B subunit of the NMDAR only in the hip-
pocampus and the dorsal striatum, but not in the ventral striatum or the prefrontal
cortex,'>2! suggesting that brain region specificity to ethanol’s actions results, at least
in part, from differences in the intracellular compartmentalization of signaling and
scaffolding proteins.

4.3.5 CHroNIC ETHANOL AND SYNAPTIC COMPARTMENTALIZATION
ofF NMDA REcePTOR SUBUNITS

Elegant studies conducted by Chandler and colleagues showed that prolonged expo-
sure of hippocampal neurons with moderate doses of ethanol resulted in clustering
of NMDARSs in dendritic spines, and the clustering was found to be restricted to
synaptic but not extrasynaptic pools of the receptor.”> These changes were blocked
by a PKA inhibitor, and by a low dose of a NMDAR antagonist.”> In addition, the
authors observed that the enhanced synaptic localization on NMDARs required
the postsynaptic density scaffolding protein, PSD-95.7° Finally, these changes
were correlated with an increase in synaptic NMDAR currents.” Interestingly, a
recent study by Offenhauser and colleagues showed that acute exposure of cerebel-
lar granule cells to high concentrations of ethanol resulted in the redistribution of
F-actin away from postsynaptic sites. The study further suggests that the cytoskel-
etal remodeling induced by ethanol depends on the NMDAR and actin binding
protein Esp8.77 Although acute ethanol exposure inhibits NMDAR function and
thus prevents long-term plasticity such as LTP (see below), prolonged ethanol expo-
sure employs an adaptive process, such as increasing the trafficking of NMDARSs
to synapses.”” As calcium influx through NMDARs evokes AMPAR insertion via
a calcium/calmodulin-dependent protein kinase IT-dependent process,’® prolonged
ethanol exposure would be expected to reduce the clustering of AMPARSs in syn-
apses. However, increased trafficking of NMDARSs to the synapses may counterbal-
ance the ethanol inhibition of NMDAR activity, leading to no changes in synaptic
AMPAR clustering.”

4.3.6 CHroNic ETHANOL ExPOSURE AND WITHDRAWAL
ALTERS NMDA REecepTOR FUNCTION

Exposure to ethanol for 24 hours or longer followed by withdrawal has been shown
to lead to hyperactivation of the channel in neuronal preparations.” For example,
withdrawal from chronic exposure of cultured hippocampal slices to ethanol
(35 mM or 70 mM) for 5 to 11 days increased the NMDAR activity that occurs
within 1 hour after ethanol was removed and lasted for at least 7 hours.80:38!

In vivo studies showed that withdrawal from exposure of rats to continuous etha-
nol vapor for at least 2 weeks increased the contribution of the NR2B subunit to
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NMDAR function.®> However, such a change was not observed 1 week after with-
drawal from chronic ethanol exposed rats.®> One explanation for the hyperexcitabil-
ity of the NMDAR upon withdrawal from chronic ethanol exposure is an increase in
number of receptors resulting from an adaptation mechanism that is due to the long
lasting inhibition of activity of the channel.

To test this possibility, Ticku et al. and others used primary neurons exposed
chronically (several days) to ethanol to determine whether the expression level of
the NMDAR subunits was altered. The investigators observed that chronic ethanol
treatment upregulated the mRNA level of the NR2B subunit,?*%5 and protein levels
of the NR1 and NR2B subunits.?® More recently, increases in NR2B gene AP-1
binding and promotor activity were observed upon chronic exposure of cortical
neurons to ethanol, suggesting a mechanism for the increase in NR2B expression
in response to ethanol.” Another possible mechanism mediating the increase in
mRNA levels in response to ethanol was reported by Qiang et al., who showed that
ethanol exposure leads to a decrease in the mRNA level of the NR2B transcriptional
repressor NRSF (neuro-restrictive silencer factor).3 Kumari et al. investigated the
molecular mechanism underlying the increase in the expression of the NRI sub-
unit and found an enhancement of NR/ mRNA stability upon chronic exposure to
ethanol,® possibly via an association with the RNA binding protein GIIB.*® They
also found that the protein levels of NR1, NR2A, and NR2B were elevated in rat
hippocampal and cortical neurons exposed chronically to ethanol ex vivo and in
vivo.8691-93 Tn addition, chronic intermittent exposure of cortical neurons to ethanol
resulted in a significant increase in both the message and protein levels of the NR2B
subunit.** Taken together, these results confirm the hypothesis that hyperexcitability
of the NMDAR channel upon chronic ethanol exposure and withdrawal is due to an
increase in the mRNA and protein levels of NMDAR subunits. Interestingly, Paw-
lak et al. showed that the serine protease tissue plasminogen activator (tPA) contrib-
utes to the upregulation of NR2B-containing NMDARS upon ethanol exposure and
to ethanol withdrawal syndrome. The authors reported that tPA-deficient mice have
a decreased severity of seizures upon ethanol withdrawal that corresponds with
a reduction in NR2B level. The authors further showed that tPA increased etha-
nol withdrawal seizures, whereas an NR2B-NMDAR selective antagonist reversed
tPA’s effect.”

4.4 PHYSIOLOGICAL IMPLICATIONS OF MODULATION
OF NMDA RECEPTOR FUNCTION BY ETHANOL

4.4.1 Acute INHIBITION

It is well known that the NMDAR plays a key role in long-term potentiation (LTP)
of the AMPAR-mediated synaptic response, which is a cellular model of learning
and memory.>* As expected, inhibition of NMDARSs by ethanol was reported to also
block hippocampal LTP,°-% which was more pronounced in juvenile rats (30 days
old) than in adult rats (90 days old).”® In addition, such inhibition has also been
observed in vivo. Givens et al. reported that in awake rats, LTP was produced by
stimulation of electrodes implanted in the dentate gyrus of the hippocampus, and
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this LTP was inhibited by intraperitoneal injection of nonintoxicating doses of etha-
nol (0.5 or 1.0 g/kg) given prior to the LTP induction.!® Ethanol inhibition of LTP
was observed not only in the hippocampus but also in other brain regions. NMDAR-
dependent LTP in the dorsomedial striatum!®! was recently reported to be abolished
by ethanol at concentrations as low as 10 mM.?° LTP in the dorsolateral bed nucleus
was also shown to be inhibited by ethanol.'> LTP is a cellular model of learning and
memory*!%, and in humans, ethanol disrupts performance on a variety of short-term
memory tasks'%4-1% and ethanol inhibition of LTP may be associated with drinking-
induced blackouts.!” Finally, ethanol inhibition of LTP in the hippocampus may
underlie episodes of amnesia after alcohol binge drinking.!%

4.4.2 Acute ToLERANCE, REBOUND POTENTIATION, AND LTF

As stated above, prolonged ethanol exposure leads to the development of acute
tolerance of NMDARs to ethanol, which is evidenced by a reduction of etha-
nol inhibition of receptor activity, which may eliminate the depressive effect of
ethanol on the induction of NMDAR-dependent LTP. For example, Tokuda et al.
observed in hippocampal slices that LTP was abolished by acute application of
60 mM ethanol, but LTP was inducible when ethanol was gradually increased to
60 mM over 75 minutes.'” They speculated that this slow increase in ethanol con-
centration induced an acute tolerance of NMDAR activity to ethanol, which pre-
served NMDAR function and thus LTP induction.

The ability to induce LTP during acute ethanol tolerance further suggests that
synaptic plasticity and memory formation may be developed in response to ethanol
exposure. In addition, it is intriguing to speculate that the upregulation of NMDAR
function in response to ethanol observed ex vivo may contribute to the aberrant learn-
ing and memory, as well as habit formation associated with alcohol addiction.!*!!!

4.4.3 CHronNic ETHANOL ExPOSURE AND WITHDRAWAL

Withdrawal from chronic exposure to ethanol leads to excessive activity of the
NMDAR. For instance, withdrawal of ethanol following chronic exposure increased
the firing rate of hippocampal neurons in both cultures™ and slices.®' This effect
was abolished by the NMDR agonist APV. In addition, the excessive activity of the
NMDAR upon chronic exposure to ethanol, in conjunction with withdrawal and the
increase in Ca?* influx, is believed to be the major cause of neurotoxicity and neuro-
nal cell death,''? which were detected mainly in NMDAR-containing neurons such
as cortical pyramidal cells, hippocampal CA1 pyramidal cells, granule cells in the
dentate gyrus, and amygdala neurons.!3114

Inhibition of NMDARs with an NR2B subunit antagonist was shown to block the
neurotoxic actions of ethanol in cultured cortical neurons.!'> The NMDAR-mediated
neurotoxicity and cell death resulting from ethanol withdrawal may account for the
decrease in the number of neurons in the cortex!''® and in the cerebellum,!'” and a
decrease in the number of cortical neuronal dendrites,''® and dentate gyrus granule
cells.!'>120 Hyperactivation of the NMDAR may be the cause of seizures and other
symptoms observed in rodents and humans upon ethanol withdrawal, which, if not
treated, could be fatal.!2!-122
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4.5 NMDA RECEPTORS AND BEHAVIORS
ASSOCIATED WITH ETHANOL EXPOSURE

The NMDAR has been linked to many behavioral paradigms associated with etha-
nol exposure such as intoxication, reward, sensitization, and relapse.®'?* Below is a
summary of some of the studies linking the NMDAR to ethanol-associated behav-
ioral paradigms in vivo.

4.5.1 ETHANOL INTOXICATION

Ethanol intoxication is measured in rodents by the length of sleep time upon sys-
temic injection of hypnotic doses (3—4 g/kg) of ethanol. Miyakawa et al. showed that
Fyn deletion mice were more sensitive to intoxicating doses of ethanol and therefore
their sleep time was longer than the Fyn*~ mice.> We found that systemic admin-
istration of the NR2B-specific inhibitor, ifenprodil, together with ethanol increased
the length of sleep time of the Fyn** mice to the same level as the Fyn~ mice.'?*
Taken together, these results suggest that Fyn-mediated phosphorylation of NR2B
subunits and the development of acute tolerance reduce the in vivo sensitivity to
hypnotic doses of ethanol.

Support for a potential role of NR2B-containing NMDARS in the attenuation of
the level of intoxication was reported in a recent study in which systemic inhibition of
NR2B-containing NMDARs with CGP-37848 or Ro-25-6981 significantly increased
sleep time in C57BL/6J mice.'” These results are also in line with numerous stud-
ies by Kalant and colleagues showing that the NMDAR antagonists (+)-MK-801
and ketamine blocked the development of rapid tolerance to ethanol exposure
in vivo.126-128

4.5.2 SENSITIZATION

Sensitization is defined as a progressive increase in the effect of the same dose of a
drug when administered repeatedly over time. Sensitization to ethanol’s actions is
measured in rodents by an increase in the acute stimulating effects of systemic admin-
istration of a nonintoxicating dose of ethanol on locomotion. The link between the
NMDAR and sensitization stemmed from studies showing that the noncompetitive
NMDAR antagonist MK-801 reduced the stimulant effects of ethanol and prevented
expression of sensitization.!*13 However, Meyer and Philips reported that repeated
administration of 0.1 mg/kg MK-801 with ethanol potentiated, whereas 0.25 mg/kg
attenuated, sensitization to ethanol’s locomotor stimulant effect.’® Interestingly,
Broadbent et al. reported that the NR2B-containing NMDAR-specific antagonist,
ifenprodil, did not alter expression of sensitization, suggesting the involvement of
non-NR2B-containing receptors'3; this possibility needs to be confirmed in future
studies.

4.5.3 REwArD

The level of ethanol reward is measured in mice in a conditioned place preference
(CPP) paradigm. Pretreatment with the competitive NMDAR antagonist CGP-37849
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reduced the acquisition of ethanol-induced CPP, possibly by impairing the ability
of mice to learn the task.'*> Kotlinska et al. found that a noncompetitive NMDAR
antagonist neramexane inhibited the acquisition and expression of ethanol-induced
CPP.!33 In addition, Biala et al. observed that coapplication of the noncompetitive
NMDAR antagonist dizocilpine and the NMDAR antagonist L.-701,324 acting on
the glycine binding site prevented the acquisition of ethanol-induced CPP.!3 Inter-
estingly, the NR2A~- and heterozygous mice did not exhibit ethanol-induced CPP,
whereas their WT littermates did, suggesting that NR2A-containing NMDARs
are important for the rewarding actions of ethanol.'®® Interestingly, we found that
Fyn kinase is not required for ethanol-induced CPP,'?* suggesting that the NR2A-
and not NR2B-containing NMDAR is required for the rewarding properties of
ethanol.

4.5.4 RELAPSE

Alcohol drinking after a period of abstinence can be mimicked in rodents by an
alcohol deprivation paradigm in which access of ethanol is renewed after a period
of abstinence. This leads to a significant increase in ethanol self-administration.
Hotler et al. reported that repeated administration of NMDAR antagonists dose-
dependently decreased ethanol consumption in an ethanol deprivation model,!*¢
suggesting that NMDAR inhibitors could be developed as medications to prevent
relapse to alcohol drinking.

4.5.5 ETHANOL WITHDRAWAL SYNDROME

As mentioned above, ethanol withdrawal syndrome is a life-threatening condition
and is also a hallmark for physical dependence to ethanol.'?> Other symptoms of eth-
anol withdrawal syndromes in humans include tachycardia, sweating, tremor, hyper-
tension, anxiety, agitation, auditory and visual hallucinations, and confusion.!?!122
Therefore, ethanol withdrawal symptoms are disabling enough to lead many subjects
to resume alcohol consumption at the early stages of withdrawal.>!12.137.138

4.6 MODULATORS OF NMDA RECEPTOR FUNCTION AND
TREATMENT OF ALCOHOL ABUSE AND DEPENDENCE

During the past 20 years, NMDAR antagonists have been assessed for their poten-
tial use as medication for the treatment of various CNS related disorders such as
stroke, pain, and Alzheimer’s disease.!3>!40 Several NMDAR antagonists have been
tested in human trials as potential drugs that alleviate adverse phenotypes that are
associated with alcoholics. For example, administration of the NMDAR antago-
nist, ketamine, to recovering alcoholics reduced psychosis, negative symptoms,
dysphoric mood, and worsening of cognitive function."*! A recent study showed
that the well-tolerated NMDAR antagonist memantine'*? reduced alcohol-induced
cue-induced craving,'* suggesting that well-tolerated NMDAR antagonists such as
memantine could potentially be used as medications for the treatment of alcohol
addiction.
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Finally, the anticraving and relapse drug, acamprosate, was shown to modulate
the activity of the NMDAR, suggesting that the beneficial actions of the drug may be
due, at least in part, to its action on the channel. In 2004 the FDA approved acampro-
sate (Campral) as an anticraving and relapse medication after clinical trials showed
efficacy of the drug in maintaining abstinence in recovering alcoholics (FDA 2004-
07-29). Interestingly, various studies suggested that acamprosate modulates the
activity of the NMDAR. Acamprosate was shown to act as a weak antagonist!“4 or
a partial “coagonist” at the NMDAR, so that low concentrations enhance activation
when receptor activity is low, whereas higher concentrations are inhibitory to high
levels of receptor activation.'*> Acamprosate was also shown to decrease NMDAR
activity in cortical neurons.'* However, in neurons of the hippocampal CA1 region
and of the nucleus accumbens, the compound enhanced NMDAR function.'#”148 In
primary cultured striatal and cerebellar granule cells, acamprosate exposure did not
result in alteration of NMDA-induced currents,'*’ nor did it alter the inhibitory effects
of ethanol (10-100 mM) on receptor function.'*® However, acamprosate was found to
cause an up-regulation of the NR1 subunit in the cortex and hippocampus.'** These
data suggest that the actions of acamprosate on the NMDAR are complex and should
be further explored.
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5.1 INTRODUCTION

The N-methyl-D-aspartate (NMDA) subtypes of glutamate receptors are intimately
involved in a number of important neuronal activities in mammalian nervous systems
including neuronal migration, synaptogenesis, neuronal plasticity, neuronal survival,
and excitotoxicity. Through these activities, NMDA receptors (NRs) play an impor-
tant role in the development of drug addiction, pain perception, and the pathogenesis
of neurological disorders such as schizophrenia and Huntington’s disease.'-1°

It is generally believed that aberrant or pathological NR effects occur mainly via
abnormal receptor activity, resulting from altered availability of agonists or modified
quality or quantity of membrane-associated receptors. In mammals, functional NRs
are heterotetramers of subunits encoded by three gene families, i.e., NMDARI
(NRI or Grinl), NMDAR2 (NR2 or Grin2), and NMDAR3 (NR3 or Grin3).3*!!
The NR1 family has one gene; the NR2 family has four (designated A through D);
and the NR3 family has two (A and B). Structurally, NR1 is an essential component
found in all tetramers, while different NR2 members are incorporated based on age
and nervous system region. NR3 proteins function as negative components when
included in the structures.>*!1:'2 Eight variants of NR1 protein are produced by alter-
native splicing and distributed differentially in nervous systems.!*-> This complex
composition of different subunits and splicing variants forms the primary basis of
the functional diversity of NRs.

From January 1992 to June 2007, more than 1000 research articles relevant to
NR expression were published. In sum, they concluded that the expression of NR
genes is cell- or tissue-specific, relatively stable, and regulated differentially by vari-
ous physiological, pharmacological, and pathological factors. Most of these conclu-
sions were based on assessments of changes of the steady state levels of mRNA and
protein that may be driven by numerous sophisticated mechanisms. Transcription is
the initial step and generally the most sensitive to cellular needs and environmental
cues. Thus, it serves as a major mechanism controlling gene expression.!o

Precise spatial and temporal expression of a selective set of genes determines
phenotypic differences among distinct tissues and cells in higher eukaryotes.!6-'8
In the case of the NR gene families, transcription of each subunit gene in a given
neuron or cell must be coordinately controlled but differentially responsive to cell
type, developmental stage, and environmental signals to maintain healthy cellular
function. How this coordinated control takes place is an important and challenging
question. This chapter reviews studies that explore the transcriptional control of NR
genes. It discusses studies of promoter and regulatory sequences, regulatory units,
developmental regulation, cell type specificity, growth factor regulation, neurologi-
cal disorders, and epigenetic mechanisms.

5.2 IDENTIFICATION OF PROMOTER

The promoter is the gene component that directs transcription.'' It consists of
a core or basal promoter that spans the most upstream and nearby transcription
start sites (TSSs) to initiate transcription as well as regulatory regions containing
enhancers or silencers to regulate transcription rate.'”?° It had been assumed that
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FIGURE 5.1 Current view of transcription and gene expression. The flow of gene expression
from the nucleus to the cytoplasm is shown. Emerging concepts of transcription and gene
expression are indicated by circled numbers. (1) Multiple TSSs for more than 50% genes,
some of which have multiple promoters. (2) TSS of one gene starts from exonic sequence
of another. (3) Promoter activity occurs at the end of a gene. (4) Bidirectional promoter for
~11% human genes. (5) Large portion of genomic sequences are transcribed in various sizes
for both directions, including promoter-associated short RNA (<200 n.t.).'> (6) Noncoding
transcripts may target translation.

tissue-specific and/or -inducible genes in higher eukaryotes contained a single TSS
and an immediate upstream TATA or CAAT box. Multiple TSSs, GC-rich regions,
and structures lacking TATA and CAAT were viewed as characteristics of house-
keeping genes.'®21-23 Another early concept was that most eukaryotic genes utilized
a single promoter and that the core promoter contained several basic DNA bind-
ing sequences.!®?22425 This concept has been modified significantly,'®2° particularly
since large-scale analysis of transcription regulatory regions became possible.!%26-28

As shown in Figure 5.1, more than 50% of human genes including many neuro-
nal genes, utilize multiple TSSs from a single exon or from different exons. In the
latter case, multiple promoters control a single gene (>20% of human genes).?® A sig-
nificant number of promoters start from the exonic sequence of another gene.'® Many
genes exert promoter activities at their 3" ends, possibly for antisense transcription
or for transcription of a downstream gene.? Bidirectional promoters exist for many
genes (~11% in humans).*° Supported by additional evidence,!*26-2%31 GC-rich struc-
tures and those lacking TATA and CAAT boxes are associated with many tissue-
specific genes including neuronal genes. Based on these observations, our view of
promoter structure and function has been simplistic.
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Predication of promoters is difficult because no universal consensus may be
employed.'® Despite this difficulty, computer algorithms have been developed and
most are available online.?>-3¢ Identification of bona fide promoters still relies largely
on experimental mapping TSSs or the 5" ends of mRNA.!® Several databases have
been established to collect promoters identified in experiments.?’3° Databases of
full-length cDNAs are also available although many of the included sequences have
artificial or incomplete 5 ends.*0-*?

5.2.1 MAPPING TRANSCRIPTION START SITES

The 5" end of a given mRNA is also the TSS on genomic DNA. In experiments, the
TSS is usually defined by mapping the 5" end of the mRNA followed by an align-
ment to the genomic sequence. Conventional methods include RNase protection
assays, primer extension, cell-free in vitro transcription, and 5"-rapid amplification
of cDNA ends coupled to sequencing of cloned ends. Several novel methods have
been developed for a large-scale analysis of the 5" ends, e.g., 5" end serial analysis of
gene expression® and cap analysis of gene expression.*

NRI1 was the first glutamate receptor gene to be mapped for its 5" end.* Two
major clusters of TSSs separated by 40 base pairs (bps) were identified from a GC-
rich and TATA and CAAT boxless region. Similar conclusions were reached by later
studies of NR1 gene from humans*® and chicks.*’” Rat NR2A TSSs were identified
following systematic RNA mapping.*® Multiple TSSs were found to spread almost
entirely across exon 1. Similar results were obtained for mice* and humans.*® Only
one TSS was found for the NR2B gene in mice>? and humans.”® Two TSSs sepa-
rated by 18 bps were mapped for the mouse NR2C gene,>* and the downstream TSS
was more highly utilized. All mapped TSSs of NR genes are located within a single
exon. No current reports focus on mapping of the NR2D and NR3A/B TSSs.

Recent genome-wide analysis has shown that TSS selection is tissue-dependent
for many genes.3 The proximal TSS cluster of the NR1 gene is mostly recognized in
the brain, while the distal TSS cluster is heavily utilized by PC12 cells that express
NR1 mRNA but not detectable NR1 protein.”® Therefore, it has been proposed that
the additional 5" untranslated region (5"UTR) sequences transcribed from the distal
TSSs interfere with translation initiation.>” However, whether the transcription from
the distal site is part of a bona fide control mechanism or simply an aberration of the
PC12 cell line is still unclear.

5.2.2 FUNCTIONAL ANALYSIS

AIINR genes mapped for TSSs have been functionally tested for minimal sequences that
govern transcription initiation. The most sensitive and convenient means to test promoter
function is reporter gene technology that allows a putative promoter to drive expression
of an easily assayable foreign gene in cultured cells or in transgenic animals.

For the rat NR1 gene, the basal or core promoter has been defined within the —1
to —356 bp fragment by luciferase reporter gene experiments in cultured cell lines
and primary neurons.>*%° The addition of upstream sequence up to —5.4 kb signifi-
cantly increased promoter activity, suggesting that this region contains enhancer
elements.%!
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Activity of the NR2A promoter has been tested in cultured cells and primary
neurons in rats,*® in transgenic mice,* and in cultured human neuroblastoma cells.*®
Interestingly, the rat NR2A core promoter elements were restricted within exon 1
(1140 bps). These sequences alone demonstrated cell type selectivity with much
stronger activity in neurons than in glial or HEK293 cells.*® In addition, DNA
sequences between the upstream and downstream TSSs retain comparable or even
stronger ability to drive luciferase expression in comparison to the upstream genomic
sequences.*® These sequences may represent a novel type of multiple promoter, but
the issue remains unexplored. In transgenic mice, an equivalent sequence from the
mouse NR2A gene (~1 kb) directed luciferase expression selectively in the brain with
activity comparable to a fragment extending —9 kb upstream.*

The minimal promoter for the NR2B gene was found within a short fragment of
-106 to +158 in NIH3T3 cells but its cell type specificity requires further analysis.>!
However, a larger fragment up to —572 bp of this gene showed neuron-specific activ-
ity in the brains of transgenic mice.> The NR2C core promoter has been defined
within a short sequence (—64 to +203 relative to the most upstream TSS) in cultured
cells.? No promoter activity has been examined for the NR2D and NR3A/B genes.

5.3 REGULATORY UNITS: CIS ELEMENTS AND TRANS FACTORS

Nuclear proteins regulate transcription by binding to specific sequences in the regu-
latory region of the target gene. These sequences were initially identified by their
interactions with frans factors. Analysis of these sequences indicated that cis ele-
ments share conserved consensus motifs (typically, 6 to 10 bps).'%!® To date, five
types of cis elements have been proposed: enhancers, silencers, insulator/boundary
elements, and locus control regions.®?

Transcription factors interact with sequences in enhancers or silencers to turn
transcription on and off or manipulate the efficiency of the cognate promoter. Most
of these binding sites are located within the 5" upstream region in clusters to form
enhancers that positively impact transcription or repressors that negatively regulate
the promoters. However, some cis elements can be found in other regions of the gene
or genome.!!

Studies in vitro and in living cells demonstrated that one type of cis element may
interact with different groups of trans factors, and conversely one type of trans fac-
tor may bind different types of cis elements.'® We shall summarize the interactions of
trans factors and cis elements in NR genes, considering each relevant transcription
factor or family individually. Figure 5.2 presents the relative positions of the ana-
lyzed binding elements on the relevant genes for humans, rats, and mice. Although
a number of putative cis elements have been proposed to these promoters on the
basis of motif searches, their functionality has not been demonstrated and will not
be discussed here.

5.3.1 SeeciFic PrROTEIN (SP) FAMILY

Specific protein 1 (Spl) is the prototype of the Sp family that includes eight addi-
tional members (Sp2 to Sp9).4-%7 Sp proteins bind GC (5-GGGGCGGGG) or GT/
CACC (5-GGTGTGGGG) boxes. Spl is expressed during neuronal differentiation®!
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FIGURE 5.2 The 5" end structures of NR genes. The genomic sequences spanning TSSs, 5
flanking sequence, and selected exons are shown for promoters of NR genes analyzed experi-
mentally: (a) NR1; (b) NR2A; (c) NR2B; and (d) NR2C. The positions of functional DNA
binding sequences and cis elements are indicated. Solid lines = nontranscribed or intronic
sequences. Open boxes = untranslated exonic sequences. Hatched boxes = coding sequences.
Arrow heads = TSSs. Short vertical lines indicate weak TSSs. RE1 sites related to the NR
genes are from supplementary data of two recent publications.!08:112
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and deletion of this factor from the genome results in aberrant brain development in
the embryo and eventual lethality.

A motif search of functional promoter sequences revealed putative GC boxes
near TSSs of the NRI, NR2A, NR2B, and NR2C genes. Two tandem GC boxes
immediately upstream of the TSSs of the NR1 gene have been analyzed function-
ally by a series of sophisticated experiments.’®>* These elements were shown to be
responsible for growth factor upregulation of the promoter.>® Factors interacting with
this sequence include Spl, Sp3, Egrl, and MAZ.%% Surprisingly, Spl and Sp3 also
bind an NFxB site 3 kb upstream of the TSSs in the NR1 gene.”

Three GC boxes from the core promoter of the NR2A gene were tested by elec-
trophoretic mobility shift assay and reporter gene assay and shown to possess posi-
tive regulatory activity.*® At least three GC boxes were identified from the NR2B
promoter. Although all three interacted with nuclear proteins, they may be redundant
in upregulating the promoter since a fragment bearing only one such site showed
promoter activity comparable to one having all three.’! One GC-rich sequence har-
boring two tandem GC boxes was found immediately upstream of the NR2C TSS.
This sequence binds Sp proteins and positively regulates the reporter gene.?

Sp factor, specifically Spl, often collaborates with other transcription factors by
direct interaction to enhance or reduce its active role on the promoter. On the NR1
promoter, a brain-specific factor known as MEF2C was found to interact directly
with Spl and synergize promoter activity.®® Interestingly, this interaction is indepen-
dent of MEF2C binding to the promoter since forced expression of MEF2C with a
promoter lacking the MEF?2 site retains a similar impact on the promoter as long as
Spl factor is coexpressed.

5.3.2 MAZ

Myc-associated zinc finger protein (MAZ) binds the same cis element as Spl.”! In
the NR1 promoter, this protein was shown to compete with Spl at the proximal GC
boxes.* Since GC boxes are common cis elements in the regulatory regions of genes
in the nervous system, the interactions of transcription factors from different fami-
lies with this element suggest that an appropriate balance in the interactions of vari-
ous trans factors and these sites is important to maintain neuronal function.>37273

5.3.3 EArRLY GROWTH REesPONSE (EGR) FAMILY

Early growth response (Egr) proteins belong to the immediate early gene family of
transcription factors and are encoded by four genes, i.e., Zif268/Egr1/Krox-24, Erg?2,
Egr3, and Egrd.”*7® These proteins are inducible and transiently expressed in most
tissues including neurons in response to environmental cues such as neurotrophins’
and glutamate.” Egr proteins recognize an Egr response element (GSG, 5-GCG;CG-3")
proximal to the TSSs of target genes and usually function as activators.

The rat NR1 promoter has a perfect GSG site immediately upstream of the
TSSs.* Motif searches of genome databases revealed that human and mouse NR1
genes also bear this motif in similar locations. This site responds to growth factor
stimulation in PC12 cells, binds recombinant Egrl and Egr3, and enhances reporter
gene expression in response to coexpressed Egrl and Egr3.”* Therefore, the GSG
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site is believed to mediate at least part of the positive effect of nerve growth factor
(NGF) on NRI1 expression.*®

5.3.4 JuN AND Fos FAMILIES

Jun and Fos are among the most studied transcription factors.”” Their expression is
associated with many cellular activities such as growth, differentiation, stress, and
apoptosis.!”” Members of the Fos, Jun, and ATF subfamilies form various homodi-
mers or heterodimers and interact with the activator protein 1 (Apl) consensus site
of 5“TGA(C/G)TCA to regulate transcription rate. Dimer composition is context-
dependent and may significantly influence activity.”® An active Apl site in the distal
promoter of the NR1 gene was initially identified by computer alignment and subse-
quently confirmed by DNA—protein binding assays and reporter gene experiments.*
An Apl site in the NR2B promoter has been suggested to mediate positive effects of
ethanol-induced expression of this gene.”® This Apl site is also recognized by factors
in the CREB family. Supershift EMSA experiments demonstrated that phosphory-
lated CREB is increased in DNA—protein complexes bound to the NR2B Apl site
after ethanol treatment.”

5.3.5 MEF2C

MEF2 is a subfamily of the MADS (MCM1 agamous deficiens serum response fac-
tor) family of DNA binding proteins consisting of four members (MEF2A, B, C, and
D) that bind to the consensus of 5-Y TAW,TAR.8 MEF2C is highly expressed in the
developing brain in parallel with NR expression.?! A MEF?2 site (5“TTATTTATAG)
has been identified approximately 500 bps upstream of the GSG and GC-boxes in
the NR1 promoter.®® This site positively regulates the NR1 promoter in cultured cell
lines, primary neurons, and differentiating neurons.®® MEF2C is the major trans
factor responsible for this upregulation. Surprisingly, it synergizes this effect with
the Spl factor via the proximal tandem GC boxes. Considering the expression of
MEF2C and Spl in developing brains and differentiating neurons,®' the interaction
of these factors may be an important force driving expression of the NR1 gene dur-
ing development.

5.3.6 CREB

In the nervous system, the cAMP response element (CRE) binding (CREB) protein
receives signals primarily from the protein kinase A (PKA) pathway and from other
pathways including the Ras-mitogen-activated protein kinase (MAPK) pathway
triggered by NR activation.®? Phosphorylated CREB proteins bind the highly con-
served 8-bp palindromic CRE consensus (5~“TKACGTCA), and Apl or Ap2 sites.®3
CRE:s retaining the 3" half of the palindromic consensus, while still active, are consid-
ered atypical and demonstrate less activity than full-size sites.?*# CREB has a large
number of target genes and a database has been established to collect experimentally
proven targets and predict potential CRE sites (http://natural.salk.edu/creb).3

The NR1 gene contains several atypical CRE sites around the TSSs and in the
distal region.*#7 In cultured embryonic neural cells, activation of the PKA pathway
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by forskolin increases both NR1 mRNA and protein. Chromatin immunoprecipi-
tation (CHIP) experiments employing CREB antibody precipitated genomic DNA
fragments proximal to the NR1 TSSs.” The CRE/CREB signal is often associated
with neural activities such as synaptic plasticity®® and nociception® in the mature
central nervous system (CNS). The significance of these interactions in developing
neurons remains to be explored.

In the NR2B regulatory region, a functional CRE site was found to be responsive
to ethanol in cultured cortical neurons.®® However, the changes observed for mnRNA
level in the treated neurons and for reporter gene activity in transfected cultures were
marginal in comparison to the significant change in DNA binding of the CRE site by
nuclear extracts following ethanol treatment.

5.3.7 NFkB Famiry

The NFxB family is composed of five transcription factors (p50, p52, p65, c-Rel,
Rel-B) and associated with mechanisms of neuronal survival, neuronal plasticity,
and neuropathology.”’>3> Homodimers and heterodimers of these proteins typically
function as activators by binding to the consensus of 5-GGGRDTYYCC. Anal-
ysis of the upstream sequence of the rat NR1 promoter revealed a perfect NFkB
site. Unexpectedly, this site did not bind functional NFxB factors found in nuclear
extracts of differentiating neurons.” More surprisingly, this NFkB site formed com-
plexes with these nuclear extracts independent of any NFkB factor. Sp factors are
the protein components of these complexes. The binding of Sp factors to the NR1
NFkB site was further confirmed in living cells by CHIP.”® The binding strengths
of different Sp factors to this site in living cells vary with neuronal differentiation.
This kind of Sp factor binding to an NFkB site is the first such example in neuronal
gene regulation. Considering the presence of the NFxB sites in a wide spectrum of
neuronal genes and the universal expression of Sp factors in the brain, this finding
may have broad implications in neuronal gene expression.

5.3.8 Tsrl

Tbrl is a neuron-specific T box transcription factor expressed during brain develop-
ment.”* It binds a palindromic DNA consensus (5-TSACACCTAGGTGTGAAATT)
as well as nonpalindromic sequences homologous to either half side of the consen-
sus such as 5-YTTCACACCT.”> NR1 and NR2B promoters both contain nonpalin-
dromic T box elements. A combination of luciferase reporter assays and knock-out
mice demonstrated a positive effect of Tbrl on NR2B and/or NR1 expression.®
Considering its expression in developing brain, Tbrl is very likely an activator for
the NR gene expression during development.

5.3.9 ESTROGEN RECEPTOR

Estrogen regulates gene expression by interacting with its nuclear receptors, ERo
and ERP, or by activating signal transduction pathways through unidentified mem-
brane-associated receptor(s).”” Ligand-bound homodimers of ERa and ERP recog-
nize an estrogen response element or ERE (5-GGTCANNNTGACC) and usually
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upregulate the promoter. ERa or ER3 monomer binding of half ERE sides has been
suggested but is still controversial.”® Increasing evidence suggests that estrogen ste-
roids play roles in several CNS functions such as synaptic plasticity and neuropro-
tection involving NR activity.”” Ovarian steroid withdrawal by ovariectomy in rats
produced NR hypoactivity, specifically in the hippocampus.”® Estradiol treatment of
the rats recovered hippocampal NR ligand binding preceded by changes in NR1 and
NR2B mRNA levels, visualized by in situ hybridization, suggesting that estrogen
may regulate NR gene transcription.

Although the effects of estrogen on the NR1 and NR2B promoters have not been
tested directly, the NR1 promoter is upregulated by the Ras-MAPK pathway that
can be activated by estrogen.”’19%1%! Tn addition, expression of ERot and ERJ in the
brains of female mice was well correlated with NR2D mRNA levels by Watanabe
et al.!”2 These authors identified four half palindromic ERE (5-TGACC) sites in the
3’UTR of NR2D mRNA. The capability of these half sites to regulate transcription
was further tested using a hetero promoter—reporter gene assay in cultured cells.!%3
However, the TGACC half site sequence is very common in the genome and there-
fore the bona fide NR2D promoter must be tested to confirm the estrogen effect.

5.3.10 REST/NRSF

An effort to delineate the mechanism underlying neuronal transcription revealed a
group of cis elements (consensus: 5’DYCAGCACCNNGGACAGNNNC) from the
regulatory regions of many neuronal genes—designated repressor element 1 (REI)
or neuron-restrictive silencer element (NRSE).!%4-18 The cognate frans factor is RE1
silencing transcription factor (REST) or neuron-restrictive silencer factor (NRSF),
a zinc finger protein with several short isoforms generated by alternative splicing.!%®
REST expression is high in nonneuronal cells and neural progenitors where it acts
with cofactors to suppress neuronal genes.!06.109-111

Putative RE1/NRSE sites have been found bioinformatically and experimentally
in the regulatory regions of the NR1, NR2A, and NR2B genes.32104106.107 A g]obal
search of REST targets by ChIPSeq uncovered REST bound sequences near the
NR2A, 2C, and 3A genes in a human T lymphoblast cell line.!”® Another genome-
wide analysis coupling a large-scale CHIP with serial analysis of chromatin occu-
pancy revealed that REST occupied one or more sites linked to each of the NRI,
NR2C, and NR2D genes in a cultured mouse kidney cell line.!'?

The functional impacts of REST and identified REI sites on bona fide promoters
in a reporter gene assay have been studied only for the NR1 and NR2B genes.0!:!13.114
The NR1 REI element was shown to bind REST and negatively regulate the promoter
in nonneuronal and neuroprogenitor cells.®' The REI site in the 5" flanking region of
the NR2B gene also demonstrated a negative regulatory effect on the promoters in
embryonic neural cells.!*

5.4 DEVELOPMENTAL EXPRESSION OF NR GENES

Development is the cellular program that produces differentiated tissues and organs
from undifferentiated precursors. It has been proposed that a network of interactions
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between cis elements in DNA and grouped trans factors expressed following specific
temporal and spatial patterns is a key driving force for this program.!>-117

NR genes exhibit heterogeneous expression in the developing brain. The mRNAs
of NR1, NR2A, and 2D become detectable in CNS following embryonic day 14 in
rodents.!81 During the first 3 postnatal weeks, NR1 is progressively upregulated in the
whole brain, followed by NR2A expression. In contrast, NR2B shows high expression in
the whole brain within the first 2 postnatal weeks. Subsequently, it decreases in the cer-
ebellum, but remains highly expressed in the forebrain. NR2C is expressed at low levels
in the early stages of development and shows progressively higher expression in the cer-
ebellum and olfactory bulb following postnatal day 11. NR2D is highly expressed dur-
ing the first postnatal week throughout the brain, then declines and becomes restricted
mainly to the middle brain in adults.!'#-12 NR3A mRNA appears in the rat CNS by E16,
becomes robustly expressed in the whole CNS except the forebrain by E19, and peaks
by P7 in rats. Its expression then declines significantly, and is limited to a few CNS
areas such as the spinal cord and thalamus.'?"1?2 NR3B expression emerges in motor
neurons of the spinal cord by P10 and reaches its maximum by P21.123

The impact of cis elements on developmental expression of the NR1 promoter
has been analyzed in more detail than impacts on other NR genes.®"7° In P19 embry-
onic stem cells, changes in NR1 mRNA level and promoter activity are coordinated
with neurogenesis and neuronal differentiation. Additionally, REST expression
and binding to the NR1 REl site are robustly downregulated in the early stages
of neurogenesis and differentiation.®! A 2-day gap between REST downregulation
and upregulation of the NR1 gene promoter suggests that other factors are involved.
Experiments with cis element mutations suggest that the GC box/GSG, MEF2 and
NFxkB sites and relevant trans factors are important for promoter activation follow-
ing this 2-day gap although the mechanism underlying the gap is unknown.%%7

NR2A and 2B promoter fragments have been studied in transgenic mice to
determine their total activity in the developing brain. The NR2B promoter up to
-9 kb exhibited a 100-fold greater activity in neuronal and glial cocultures than in
pure glial cultures. A sequence between —1253 and —1180 is necessary for the devel-
opmental expression of NR2A.#° The activity of these elements during development
has not been precisely studied.*->

To follow NR2C expression, Karavanova et al. recently developed a knock-in
mouse model by inserting the bacterial LacZ gene into the 5" end of the coding
sequence of the endogenous NR2C gene.!?* They were able to map the regional and
developmental expression of NR2C. Unfortunately, this model cannot provide details
of how the promoter contributes to this expression. In a separate study, an NR2C
promoter—LacZ fusion gene was integrated into the mouse genome and reporter
expression was found in layer 4 spiny stellate cells of the adult barrel cortex'>> but no
developmental information is available.

The mechanism underlying the decline of the NR2D gene during development
remains unexplored. Recent data generated by genome-wide searches for REST tar-
gets linked DNA sequences bound by REST to the NR2C and NR2D genes.!0%112
Since the REST-REI1 interaction plays an important role in the developmental
expression of neuronal genes, whether these identified REI sites participate in devel-
opmental expression and restriction of these two genes should be investigated.
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5.5 GROWTH FACTOR REGULATION OF NR GENES

Growth factors are important extracellular stimuli that initiate and maintain neuro-
nal differentiation and survival. Brain-derived growth factor treatment of cultured
embryonic cortical neurons increased the NR1 mRNA level about two-fold.'?® Stud-
ies with PC12 cells showed that activity of the NR1 promoter is upregulated by sev-
eral growth factors including NGF, fibroblast growth factor, and epidermal growth
factor.’0% A recent report scrutinized several lines of PC12 cells and concluded that
NGF upregulates NR1 mRNA in a cell line-dependent manner.'?’

Based on these studies, NR1 transcription is likely upregulated by growth fac-
tors during neuronal differentiation. Further studies demonstrate that NGF utilizes
both MAPK and phosphatidylinositol 3-kinase (PI3K) pathways to regulate the NR1
promoter.'%' Interestingly, MAPK targets included Spl and a group of unknown
nuclear proteins specifically interacting with single-stranded DNA of the proximal
region of the NR1 promoter.!0-113

Using proteomics, DNA binding, and siRNA technologies, we found that the
major components of these complexes are hnRNPs that regulate mRNA transporta-
tion, splicing, and gene transcription. The downstream mediators of the PI3K effect
have not yet been elucidated.!”! NR activation in the nervous system controls the
transcriptional regulation of many genes such as those encoding growth factors
through the Ras-MAPK pathway.'?$12° This reciprocal regulation of growth factor
and NR genes may be part of the mechanism underlying the neurotrophic effect of
NR activation.

5.6 CELL TYPE SPECIFICITY OF NR GENE EXPRESSION

Neurons are the major sites of NR expression. It is surprising that NR expression
and receptor activities are also found in nonneuronal cells and peripheral tissues
including glial cells,'3° pancreatic islands,'3! lungs,'*? bone cells,'3! adrenal medulla
and kidneys,!*? keratinocytes,'** and heart,'* although their exact functions in these
tissues are not yet fully understood.

The neuronal specificity of NR1 expression has been shown to reside in the
proximal promoter. Functional analysis disclosed that 356 bps of the NR1 core pro-
moter confer high activity in neuronal PC12 cells and in cultured neurons, low activ-
ity in the C6 glioma, and almost no activity in HeLa cells.*33¢% As noted, this 356
bp proximal promoter contains a consensus REI site that negatively regulates this
promoter in nonneuronal and neuroprogenitor cells.®%87113 A number of universal
cis elements from proximal and distal regulatory regions have been found to posi-
tively regulate the NR1 promoter. The coordination of these positive and negative
elements determines NR1 expression in different group of neurons.

The neuronal specificity of the NR2A gene is restricted by a fragment consist-
ing of exon 1 and a few upstream sequences in transgenic mice. The addition of the
upstream sequence up to 9 kb did not show additional effects.** The same observa-
tion has been repeated in cultured cells.*® The core promoters of the NR2B and
NR2C genes also exhibit neuronal specificity in transgenic mice and cultured neu-
rons.*-3262 Since the REL1 sites identified for the NR2 genes in several studies are
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distal to these core promoters.!96-108:.112.114 and no direct evidence indicates how these
sites regulate bona fide promoters, whether RE1/REST is the major player of neuro-
nal specificity of NR2 gene transcription must be reconsidered.

While NR proteins are expressed in several nonneuronal cell types, the mecha-
nisms controlling this expression have not been directly investigated. Only tangential
evidence exists. One study employing C6 glioma cells as negative controls found weak
NRI1 promoter activity in these cells. Nuclear extracts from C6 glioma cells were also
found to bind the Spl sites of the NR1 promoter.®® The control of NR expression in
nonneuronal cell types deserves further scrutiny and would certainly provide inter-
esting data on cell-specific transcriptional control and developmental pathways.

5.7 NEUROLOGICAL DISORDERS

NR-mediated glutamate toxicity is considered a common pathological pathway of
many acute and chronic neurological disorders such as brain trauma, brain ischemia,
schizophrenia, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
AIDS dementia, and Lou Gehrig’s disease.®!%136 Since NR function and activity
are determined by a specific set of NR genes expressed in a given cell and by the
level of that expression, abnormal transcription of the NR genes may contribute to
NR pathological effects.

5.7.1 REST, HUNTINGTIN, AND HUNTINGTON's DISEASE

Alteration of NR expression may be one mechanism underlying the pathology of
Huntington’s disease.'*” NR ligand binding is significantly decreased in the caudate
in Huntington’s disease.!*® Wild-type huntingtin has been shown to retain REST pro-
tein in the cytoplasm, preventing it from silencing neuronal genes."*®* A mutated form
of huntingtin genetically associated with Huntington’s disease'*” does not retain this
function and releases REST that can suppress neuronal genes in mature neurons.'*

In situ hybridization of a Huntington’s disease brain revealed decreases in the
NR1 and NR2B mRNAs correlated with severity.'*? Decreases of NR2A and NR2B
mRNAs in the hippocampus were also observed in mouse models of Huntington’s
disease (R6/2).1' NR2D is upregulated in neuronal nitric oxide synthase-positive
interneurons in the caudates of these mice.'*? It is therefore likely that transcription
of NR genes is suppressed by free REST in some neuronal nuclei of Huntington’s
patients, while other cells may express inappropriate subunits.

5.7.2 PROMOTER POLYMORPHISM AND SCHIZOPHRENIA

NR hypofunction has been reported in schizophrenic patients'* and schizophrenic
behaviors have been noted in NR2A-depleted mice.'** Reduced expression of NR
genes including the NR1, NR2B, and NR2C genes in the thalami of schizophrenic
patients has also been documented.!#>146

The possibility that lowered promoter activity due to polymorphisms may con-
tribute to NR hypofunction has been investigated.'*’-* In a case-controlled study
(375 schizophrenics, 378 controls, equally divided by sex), the repeat length of a
variable GT repeat in the NR2A promoter was correlated with mRNA reduction
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and the severity of chronic schizophrenia.’® This initial survey was confirmed in an
extended study with twice as many schizophrenics and controls.'¥

This observation was confirmed in an independent study of 122 Han Chinese
sibling pair families.'"*® The authors believed that the (GT)n polymorphism in the
NR2A promoter played a significant role in the etiology of schizophrenia. However,
whether a trans factor interacts with these repeats is yet to be investigated. In another
case-control study, a T-G variant within a proximal GC box of the NR2B promoter
was correlated with schizophrenia.>® In response to NGF treatment in PC12 cells,
the T allele showed a 30-fold increase in promoter activity in comparison to the G
allele. In a study of an Italian population, a G-C change of the first G in the GGGG
sequence of a putative NFxB site in the 5’UTR of the NR1 gene was correlated
with human schizophrenia although its impact on promoter activity was not tested.!>°
Polymorphisms of other NR subunits in schizophrenic patients have not yet been
investigated.

Reduced expression of the NR genes was found in the brains of patients with
other neurodegenerative disorders as well. Alzheimer’s disease patients showed
reduced expression of the NR1 and NR2B gene in the hippocampus.!>! Parkinson’s
patients exhibited reduced NR1 expression in the striatum and in the superficial lay-
ers of the prefrontal cortex.!>> Whether polymorphisms of the regulatory regions also
play a role in this altered NR gene expression is an interesting question that remains
to be addressed.

5.7.3 ALCOHOLISM

Accumulating data indicate that glutamate neurotransmission may be damaged by
ethanol inhibition. Expression of NR2B in the brain was found to be upregulated by
ethanol treatment.”> DNA methylation studies revealed that its promoter is demeth-
ylated in cultured neurons and in living animal models following chronic (but not
acute) ethanol treatment.!>*!5> The demethylation of two CpG islands upstream of
the NR2B promoter is well correlated with the increase in NR2B mRNA. However,
the functional effect of this demethylation on promoter activity has yet to be defined.
Ethanol was also found to interfere with the inhibitory activities of RE1 clusters in
the NR2B promoter'!* and enhance interactions of CREB and FosB with the AP1
site in the NR2B promoter,”® eventually upregulating the NR2B gene.

5.7.4 HYPERACTIVATION BY AGONIST

Overstimulation of NRs by an abnormally high level of glutamate in nervous tissue
has been hypothesized to mediate excitotoxicity in neurological disorders. How-
ever, hypoactivity of NR and reduced expression of NR genes was observed in a
number of chronic neurological disorders and correlated with severity.!40:141:143.151,152
Whether the reductions are caused by glutamate overstimulation at the early stages
of the disorders was investigated. Gascon et al. found that treatment of cultured cor-
tical neurons with NMDA or glutamate resulted in a reduction of the NR1 protein
and mRNA.!%6

This effect was repeated on the NR1 promoter transfected into these cells.
Mao et al. reported similar observations in cultured neurons and proposed that Spl
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protein and the proximal GC boxes were the mediators of this effect.!”” Treatment
of cultured striatum neurons with quinolic acid, an endogenous NR agonist, pro-
duced the same effect.!’® This negative feedback in NR expression may be a defen-
sive mechanism to avoid overactivation due to the persistent presence of agonist for
neurons undergoing chronic pathological changes.

5.8 EPIGENETIC REGULATION

In a broad sense, the term epigenetics covers stable modifications of chromatin and
DNA not involving DNA sequence change. DNA methylation, chromatin remodel-
ing, and noncoding RNA are considered major epigenetic mechanisms.!'>

5.8.1 DNA METHYLATION

Cytosine in a CpG dinucleotide is the major target of DNA methyltransferase in
vertebrates.!3*190 Clusters of CpG sequences often reside in the promoters or their
proximal regions to form so-called CpG islands.'*!! CpG islands may become
methylated and negatively regulate transcription. This pathway has been proposed
as a critical epigenetic mechanism underlying development and other processes.'>

The CpG islands have been found within the promoter or proximal regions of
the NR1, NR2A, NR2B, and NR2C genes.*48:54162 The role of DNA methylation in
promoter regulation has only been studied for the NR2B gene. The NR2B promoter
was found to be hypermethylated in primary esophageal squamous cell carcinoma
in which the NR2B is not expressed.'®> Demethylation by 5-aza-2’-deoxycytidine
unmasked the promoter region and led to expression of NR2B transcripts as mea-
sured by reverse transcriptase polymerase chain reaction.

5.8.2 CHROMATIN REMODELING

Whether histones and other nuclear proteins regulate NR gene transcription via
chromatin remodeling is largely unexplored. However, many trans factors found to
directly interact with NR promoters such as REST and CREB are subject to reg-
ulation by chromatin remodeling.!'%!'% Therefore, it can be hypothesized that this
mechanism is also utilized to regulate NR transcription, but detailed direct evidence
does not exist.

5.8.3 NoNcobpING RNA

Initial sequence analysis by TargetScan (http://www.targetscan.org) revealed that
mRNAs of NR1, NR2A-D, and NR3A are included in the 30% of human mRNAs
considered potential targets of miRNAs.!* However, no studies have yet addressed
directly the involvement of miRNAs in NR gene expression.

5.9 SUMMARY

Studies have revealed the functional activities of 5" flanking sequences of the NR1,
NR2A, 2B, and 2C genes using cultured cells and living animals. Interactions of
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several cis-acting regulatory elements with cognate trans factors and their impacts on
promoter activity have been found to play important roles in NR gene expression under
various conditions. Further studies should uncover additional pathways of differen-
tial NR expression. These studies will help explain the mechanisms of abnormal NR
expression in human diseases and may also reveal potential pharmaceutical targets.

More than 1,000 transcription factors are dynamically expressed in the brain.'®
Thus it is likely that a network of these factors and interactions with a set of cis ele-
ments under the influence of epigenetic mechanisms ultimately determines NR gene
expression under various conditions. A genome-wide approach may help address
this question efficiently, particularly for investigating all functional cis elements
involved in NR gene regulation. Those located in regions other than the 5" flanking
sequences, the 5’UTR, and all functional regions of the NR2D and NR3A/B genes
have not been systematically studied. A large-scale search for transcription regula-
tory regions may allow us to learn whether NR genes are involved in the complex
transcription patterns uncovered by recent studies of the functional elements of the
human genome (Figure 5.1).1944.165.166
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6.1 INTRODUCTION

Translation—the synthesis of new polypeptides encoded by messenger RNAs—is an
essential process involved in nearly every aspect of cellular survival and growth. In
recent years, the importance of translation has been demonstrated to be critical for
the manifestation of persistent forms of synaptic plasticity such as long term facilita-
tion (LTF) in Aplysia and long term potentiation (LTP) in vertebrate hippocampal
neurons.'* Importantly, translation is critical to the formation of long term memory
(LTM) in panoplies of phyla.’>-8 N-methyl-D-aspartate (NMDA) receptors (NMDARs)
have been critically linked to the regulation of processes both upstream and down-
stream of neuronal translation. To better understand the role of NMDARS in the regu-
lation of translational machinery, it is important to first overview the many stages and
levels of regulation involved in the translation of mRNA into new protein.
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6.2 OVERVIEW OF TRANSLATION

An overview of the basic elements that mechanistically define cellular translation is
important for understanding the roles of NDMA Receptors in the regulation of neu-
ronal translation. In simplistic terms, eukaryotic translation requires messenger RNA
(mRNA), the small (40S) and large (60S) ribosomal subunits, and “charged” (bearing
amino-acyl amino acid) transfer RNA (tRNA).>!° The regulated assembly of these
constituent elements results in peptide synthesis. Translation occurs predominantly in
the soma of the cell, but the components of the translational apparatus are also found
in more distal compartments of neurons such as axons and dendrites.!-13

A considerable body of evidence suggests that extra-somatic translation is criti-
cal to long-lasting forms of synaptic plasticity.!"14-16 Moreover, experimental prepa-
rations that physically separate the soma from dendritic regions are fully able to
express protein synthesis-dependent forms of synaptic plasticity. Within dendrites,
translational machinery is frequently organized into bundles of immature ribosomes,
RNA-binding proteins, and mRNAs called polysomes. Following neuronal activity,
these polysomes are trafficked into dendritic spines and undergo maturation into
active sites of translation. NMDARs are localized primarily to synaptic sites where
they are frequently colocalized with translational machinery."”

NMDARSs are also colocalized with signaling complexes that include upstream
signaling elements involved in regulating the translational apparatus.'® NMDAR
activation may play a role in the translocation of translational components to areas
of synaptic activity, thereby providing a functional link between protein synthesis
and neuronal activity. Whether NMDAR activation is linked to specific classes of
polysome maturation or linked to translation in a more general way is not currently
understood. The role of extra-synaptic NMDARs in regulation of protein synthesis
remains poorly understood.

6.3 THREE STAGES OF TRANSLATION

Eukaryotic translation can be divided into three phases: initiation, elongation, and
release (also called termination). Each phase involves the recruitment of specific
eukaryotic translation factors to the ribosomal/mRNA complex: initiation factors
(eIF)s, elongation factors (eEF)s, and release factors (eRF)s. Initiation involves the
assembly of the ribosomal subunits, the “start” methionyl tRNA (Met-tRNA), and
the mRNA to be translated. Elongation begins with the release of the initiation com-
plex and maturation of the ribosome/mRNA complex to allow assembly and elonga-
tion of polypeptide as directed by tRNA—codon pairing. Release is the process by
which the recently translated mRNA and the newly complete peptide are released.
Table 6.1 lists the translation factors and their roles in translation.

6.3.1 INITIATION

An early step in initiating translation is generation of the 43S preinitiation complex, a
complex composed of a 40S ribosomal subunit and several elFs including elF1A, elF2,
and elF3 (see Table 6.1 for factor descriptions). The primary role of the 43S complex is to
bring the Met-tRNA to the early assembly of the functioning translational machinery.
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TABLE 6.1
Translation Factors & NMDA-R
Associated Proteins Known Function Regulation
elF1 Promotes binding of eIF2-GTP-Met-
tRNA to mRNA and 40S ribosomal
subunit
elF1A Promotes binding of eIF2-GTP-Met-
tRNA to mRNA and 40S ribosomal
subunit
elF2 Composed of elF20 and 2B, binds
GTP and Met-tRNA to form ternary
complex that binds 40S subunit
elF2a Regulatory subunit of elF2,
phosphorylated at Ser 51
elF2B Encodes GEF activity of eIF2B
elF3 Promotes eIF2-GTP-Met-tRNA
binding to 40S subunit
elF4A DEAD box protein, encodes RNA
helicase activity
elF4B Enhances elF4A activity
elFAE 7-methyl-GTP-binding protein or via ERK
“Cap”- binding protein and MNK
kinases
elF4F Cap-binding complex, composed of
elF4A, 4E, 4G, promotes binding of
mRNA binding to 43S pre-initiation
complex
elF4G Multidomain scaffolding protein,
interacts with eIF4E, Maskin, CPEB,
PABP, and regulatory kinases
elF5 GAP protein that acts on elF2
eEF1 Composed of eEF1A, 1B, loads
amino-acyl-tRNA onto A-site of
ribosomal subunit
eEF1A Binds amino-acyl-tRNA, GTPase that
allows tRNA release
eEF1B Encodes GEF activity for eEF1

Note

Major determinant
of general protein
synthesis rates

Regulated by
GCN2, PERK, and
other kinases
Disupted in
Vanishing White
Matter Disease

Phosphorylation
correlated with
enhanced
translation rates

(continued)
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TABLE 6.1 (Continued)

Translation Factors &

Associated Proteins Known Function

eEF2 Translocates ribosome along mRNA
undergoing translation

eRF1 Release factor, hydrolyzes peptide
release from 80S ribosome, encodes
GAP activity

eRF3 Release factor, GTPase activity

4E-BP Inhibitor of eIF4E, repressed by
phosphorylation of Thr-37,46,70 &
Ser 65, target of multiple kinases

PABP Poly(A)-binding Protein

CPEB CPE element-binding protein,
mediates poly(A) extension of mRNA

Maskin Binds CPEB, mediates transcript

suppression through interaction with
elFAE

40S subunit Small ribosomal unit, composed of

rRNA and ribosomal proteins

408 subunit, eIF2-GTP-Met-tRNA,
elF1, eIF1A (possibly other subunits
e.g. eIFS)

43S pre-initiation
complex

48S pre-initiation 43S complex plus substrate mRNA
complex

60S subunit Large ribosomal subunit, composed of

rRNA and ribosomal proteins

80S ribosome Completely assembled ribosome plus
substrate mRNA, capable of peptide

elongation

Biology of the NMDA Receptor

NMDA-R

Regulation Note

via eEF2

kinase

(CaMKIII)
Large family of
translational
repressors
Binds elF4G

via Aurora

and

CaMKIlo

kinases
Drosophila

homolog, cup

The functional states of several elFs in this preinitiation complex are regulated
by upstream signaling that affects their availability to form ternary complexes as
well as their functional activities. A major target of regulation in the formation of this
complex is elF2 that exists in GDP (inactive) and GTP (active) states. The ternary
structure composed of elF2-GTP and Met-tRNA associates with the 40S subunit to
initiate start codon recognition. Upon recognition, GTP is hydrolyzed, eIF2-GDP is

released, and translation can commence.

Inactive eIF2-GDP is restored to its active form via the activity of the guanine
nucleotide exchange factor (GEF) elF2B, a process regulated by the phosphoryla-
tion of Ser 51 on the o subunit of elF2 (pSer51-elF2 o). pSer-elF2 o acts as an
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inhibitor of eIF2B function by preventing the conversion of eIF2-GDP to eIF2-GTP.
The phosphorylation of eIF20t is under the regulation of at least four kinases: protein
kinase RNA regulated (PKR), heme regulated initiation (HRI) factor 2o, elF2a
kinase 3 (PERK), and general control nonderepressible kinase 2 (GCN). High lev-
els of pSer51-elF2qa inhibit general translation, but lead to increased translation
of specific upstream open reading frame (WORF)-bearing mRNAs such as ATF-4
and C/EBP.

Most translated neuronal mRNAs are “capped” (methylated GTP is attached to
the 5" end of the mRNA molecule). The cap is recognized by elF4E that allows the
mRNA to be bound by elF4G, a large multidomain scaffolding protein that couples
the binding of other translation factors (eIF4E, eI[F4A) and RNA-binding proteins
such as poly(A)-binding protein (PABP). The combined activities of this complex,
often referred to as elF4F, prepare the targeted mRNA for active translation. The
formation of the elFAF complex is controlled by a number of upstream signaling
pathways (Figure 6.1A).

The elF4F cap-binding complex is under the regulation of a family of small
modulatory proteins called 4E-binding proteins (4E-BPs) that inhibit protein syn-
thesis by competing with eIF4G for eIF4E. The interaction of 4E-BPs and elF4E is
regulated by phosphorylation of inhibitory residues on 4E-BP (Thr 37, 46, 70 and Ser
65).1920 Phosphorylation of these residues disrupts the interaction between 4E-BP
and elF4E, allowing protein synthesis to proceed via the formation of eIF4F. Phos-
phorylation of 4E-BP is governed by several kinase signaling pathways, including
the mammalian target of rapamycin (mTOR), extracellular signal regulated kinase
(ERK), and phosphoinositide-3 kinase (PI3K)!° (Figure 6.2).

mRNA bound to the eIF4F ternary structure forms an aggregate with the 43S
preinitiation complex to form the 48S pre-initiation complex. Upon binding the
mRNA, the ribosomal complex “scans” the mRNA for the AUG start codon. The
5" untranslated regions (UTRs) often contain complex secondary structures that can
inhibit this process. In these cases, scanning is facilitated via the RNA helicase
activity of eIF4A. Upon recognition of the start AUG, elF2B within the 48S struc-
ture hydrolyzes its bound GTP, releasing it and several other factors from the 48S
preinitiation complex. To complete the initiation process, GTP-bound eIF5B brings
the 60S ribosomal subunit to the complex. After the GTP hydrolysis event, eIF5B
is released and the final assembly forms the translationally active 80S ribosome. At
this stage, the initiation factors associated with the mRNA cap and the 40S ribo-
somal subunits are released and the process of peptide elongation comes under the
regulation of elongation factors.

6.3.2 ELONGATION

Translational elongation is a widely conserved process that, similar to initiation,
is regulated in neurons. Elongation begins with a peptidyl tRNA in the ribosomal
P site and an adjacent vacant A site. An amino-acyl tRNA is brought to the empty
A site as part of a ternary complex comprised of the amino-acyl tRNA and the
GTP-bound elongation factor, eEF1A. GTP is exchanged for GDP onto eEF1A via
the GEF activity of a trimeric protein complex termed eEF1B. The four peptides
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FIGURE 6.1 (See color insert following page 212) (A)
NMDAR activation is linked to numerous intracellular
signaling pathways. N-methyl-D-aspartate (NMDA)
receptor (NMDAR) activation is the major source of
activity-dependent calcium (Ca®*) entry into the neu-
ron. In addition, NMDAR activation may promote the
generation of other second messengers [CAMP; diacyl-
glyercol (DAG); and inositol-3,4,5-trisphosphate (IP,)]
through NMDAR association with membrane bound
G-protein (Gs, Go) signaling to adenylate cyclase (AC)
and calcium activated phospholipase (PLC). These sec-
ond messengers may promote the activation of signal
kinases such as cAMP-dependent kinase (PKA) and
protein kinase C (PKC). Increased intracellular Ca?*
and IP; can trigger additional calcium influx via stimu-
lation of calcium-release channels regulating calcium
release from internal stores. (B) Signaling pathways
activated by NMDARs involved in translational elon-
gation. Activation of NMDARs results in extracellular
calcium (Ca*) entry that eventually activates cAMP-
dependent protein kinase (PKA). PKA-dependent phos-
phorylation and calcium-bound calmodulin promote
the activity of eEF2 kinase (also known as CaMKIII).
eEF2 kinase exhibits autophosphorylation activity that
allows it to remain active after upstream signaling
ceases. eEF2 kinase phosphorylates eEF2 (p-eEF2),
which suppresses translational elongation. This has the
effect of repressing general protein synthesis but can
also produced enhanced translation of some mRNAs
(i.e., 5 TOP mRNA) that under normal conditions are
translated with low efficiency. Protein phosphatase 2A
(PP2A) can dephosphorylate eEF2 kinase to reduce its
activity and de-repress translation elongation. NMDAR
activation may also lead to eEF2 kinase activation via
a mechanism independent of extracellular Ca?* entry.
(C) NMDAR regulation of mRNA maturation through
CPEB. Activation of NMDARs leads to extracellular
Ca? influx that activates Ca’/calmodulin-dependent
protein kinase II (CaMKII) and Aurora kinase. Spe-
cific mRNAs contain 3’ untranslated region sequences
(UUUUUAU) called CPEs. Immature mRNAs with
CPEs are bound by cytoplasmic polyadenylation
element-binding protein (CPEB), which binds maskin
that also associates with eIF4E (4E) bound to the m’GTP
cap of the mRNA transcript. Translation of the transcript
is inhibited by short poly(A) tails and the sequestra-
tion of 4E. Transcript de-repression is achieved via the
phosphorylation of CPEB (p-CPEB) by CaMKII and
Aurora. This promotes increased interaction between
CPEB and polyadenylation specificity factor (CPSF).
CPEB-CPSF association results in the recruitment of
poly(A) polymerase (PAP) to lengthen the poly(A) tail
of the immature mRNA transcript. Poly(A)-binding pro-
tein (PABP) then binds to the extended poly(A) tail and
in turn interacts with eIF4G (4G). 4G displaces maskin
binding with 4E, which permits the bound transcript to
be translated. m’GTP = 7-methyl GTP. AAUAA = poly-
adenylation signal.
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FIGURE 6.2 (See color insert following page 212) Signaling pathways activated by NMDARs
and involved in translational initiation. NMDAR activation in turn activates the phosphati-
dylinositol 3-kinase (PI3K) and the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) signaling pathways. NMDAR activation produces sequen-
tial activation of PI3K, phosphoinositide-dependent kinase 1 or 2 (PDK1), protein kinase-B
(Akt), and mammalian target of rapamycin (mTOR). mTOR activation leads to activation of
S6 kinase 1 (S6K1) and phosphorylation (P) of 4E-binding proteins (4E-BPs). This phosphor-
ylation causes disassociation of 4E-BPs from initiation factor 4E (eIF4E). Released elF4E
interacts with initiation factor 4G (eIF4G) and forms the active eIF4F (eIF4E-elF4A-elF4G)
complex. elF4F promotes mRNA binding to the 43S preinitiation complex to form the 48S
preinitiation complex. ERK-dependent phosphorylation of both MAPK-interacting serine/
threonine kinase 1 (Mnkl1) that can phosphorylate eIF4E and S6K1 that can phosphorylate
ribosomal protein S6 is correlated with enhanced translation initiation. m7G = 7-methyl-GTP.
AAAAAAA, = poly(A) tail.

that compose the eEF1A/B complex are targets of phosphoregulation. The primary
kinases involved in regulating the eEF1A/B complex are protein kinase C (PKC) and
casein kinase (CK). Cognate binding of the codon and anticodon activates eEF1A
GTPase activity, thereby releasing it from the amino-acyl tRNA that then permits
peptide elongation.

The 80S ribosome must translocate along the mRNA to continue elongation that
is accomplished via the activity of eEF2 that hydrolyzes GTP to facilitate the three-
base pair movement of the ribosome along the mRNA. Similar to eEF1A/B, the
activity of eEF2 is regulated by phosphorylation of a C terminal threonine-56 (Thr
56) that reduces eEF2 activity, thus slowing elongation and protein synthesis. Phos-
phorylation of this site is regulated by protein phosphatase 2A (PP2A), believed to be
the major link between the mTOR signaling pathway and elongation. Interestingly,
only a single kinase known as eEF2 kinase has been identified as regulator of eEF2
activity (Figure 6.1B).

Calcium is a major regulator of eEF2 kinase activity. In the presence of calmodu-
lin and high Ca?* concentrations, eEF2 kinase exhibits autophosphorylation that not
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only increases its nascent activity, but liberates it from transient Ca>* regulation. eEF2
kinase also is regulated by cAMP-dependent protein kinase (PKA), providing addi-
tional regulatory links from eEF2 kinase to channels at the membrane and neurotrans-
mitter receptors coupled to G-proteins. The eEF2 GTPase-driven translocation of
mRNA during the elongation is repeated until a stop codon is reached, at which point
elongation is terminated and the ribosomal subunits are released from the mRNA.

6.3.3 TERMINATION

Translational termination occurs when the elongating ribosome encounters a con-
sensus stop codon (i.e., UAG) in the ribosomal A site. The resulting interaction
between the presence of the stop codon and eRFs results in the release of the newly
translated peptide following a hydrolysis reaction from the translating ribosomal
complex. The hydrolysis reaction that permits peptide release is catalyzed by eRF1.
A second release factor, eRF3, then removes eRF1 from the ribosomal A site, per-
mitting the ribosome to return to the pool of available subunits. eRF3 possesses
GTPase activity, but the specific role and timing of GTP hydrolysis involved in the
process of termination is poorly understood.’ In contrast to initiation or elongation,
very little is known about regulation of translation termination.

6.4 RNA BINDING PROTEINS AND mRNA LOCALIZATION

Translation also is governed by the availability and stability of mRNA templates. In
many ways, these factors are as important as the process of translation. nRNA avail-
ability for translation is regulated by number of RNA binding proteins (RBPs)*-23
that accomplish this through a variety of mechanisms. Some proteins such as fragile
X mental retardation (FMRP) protein and Staufen (Stau 1 and 2) proteins bind mul-
tiple types of mRNAs because they contain several different RNA binding domains
that permit binding to a multitude of specific RNA sequences such as G quartets and
polyuridine tracts or via interactions with microRNAs or double-stranded RNAs.
Other RBPs are more sequence-specific. RBPs such as cytoplasmic polyadenylation
element (CPE) element binding protein and Hus bind only specific elements con-
tained in the 3" UTRs of specific mRNA transcripts. Because these sequences are
found only in subsets of mRNA populations, their activities are restricted to small
segments of the RNA population.

How may RBPs affect translational expression? It is generally believed that they
“silence” mRNAs by occluding their interactions with translational machinery such
as elF4E. RBPs can also positively regulate translation by trafficking mRNAs to
sites of active translation. They may play a critical role in the manifestation of an
important protein synthesis-dependent phenomenon called synaptic tagging—a pro-
cess by which specific synapses in a myriad population of synapses are tagged or
marked by synaptic activity for the specific recruitment of cellular products that pro-
mote long-lasting synaptic change (such as newly synthesized peptides). Reasonably
strong evidence indicates that the regulation of RBP activity may be a component of
the mechanism by which tagging takes place.?*?’
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6.5 ADMINISTERING TRANSLATION: NMDA RECEPTOR-
DEPENDENT SIGNALING TO TRANSLATIONAL MACHINERY

Translating an mRNA into a peptide is a very complex process involving numerous
factors that are regulated at nearly every step. The evidence now available places
most translation control at the level of initiation via the integration of upstream sig-
naling cascades. NMDARs are critical neuronal signaling molecules involved in
regulating neuronal translation. They exert control over translation via two general
processes: calcium entry from the extracellular space and activation of signaling
cascades linked to the NMDAR protein complexes.!®-28

Calcium entry via the NMDAR activation represents perhaps the most potent
element of NMDAR-dependent control of signaling cascades. A number of signaling
cascades (Figure 6.1A) are activated in response to calcium entry at the NMDAR.!328
This entry via the NMDAR may result in the production of other second messenger
molecules including cyclic adenosine monophosphate (cAMP), inositol triphosphate
(IP3), and diacylgycerol (DAG).?*-3! The ability of NMDARSs to promote second
messenger signaling through such a wide variety of cellular mechanisms makes the
receptor a potent regulator of neuronal metabolic activity.

6.5.1 NMDA RecerTOrRs AND TRANSLATIONAL INITIATION

Prominently coupled to NMDAR activation is the ERK (extracellular signal-
regulated kinase) signal transduction pathway. NMDAR activation promotes the
activation of several signaling kinases such as Ras and Rap upstream of ERK
activation.’>3 ERK regulates several translational regulatory proteins upstream
of translational initiation including the MAP kinase signal interacting kinases
(Mnk1, Mnk2).3* Mnk1 and 2 phosphorylate eIF4E in an ERK-dependent man-
ner. elF4E in vivo®-3¢ is localized to postsynaptic densities and dendritic lipid
rafts.3”38 It is generally thought that eIF4E phosphorylation enhances general
translation,3® although the physiological function of this phosphorylation event has
been debated.*0-4

Nevertheless, a direct connection of NMDAR activation, Mnk activation, and
enhanced e[FE4E phosphorylation has been demonstrated in the mouse hippocam-
pus.®® Also, it has been demonstrated that NMDAR-dependent L-LTP is associated
with an ERK-dependent increase eIEF4E phosphorylation.** These findings dem-
onstrate a direct role for NMDA activation in promoting activation of translation
factors via the ERK signaling cascade.

NMDAR activation can influence translation through other signaling cascades
and has been shown to trigger the translation of ribosomal S6 kinase 2 (Rsk2) via an
ERK-independent signaling pathway. Critical to the stimulation of Rsk2 translation
is the activation of the mTOR signaling cascade.* Activation of mTOR is vital for
translation initiation (Figure 6.2) and NMDAR activation has been implicated in the
activation of both upstream and downstream components of the mTOR signaling
cascade. Numerous studies also have demonstrated that NMDAR activation results
in activation of PI3-kinase, PDK1, and Akt/PKB, all of which have been shown to
regulate the activity of mTOR.46-53
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More direct evidence linking NMDAR activation to mTOR-dependent regula-
tion of translation arose from studies in hippocampal neurons demonstrating that
stimulation of NMDARSs results in dendritic protein synthesis that is sensitive to
rapamycin, a potent inhibitor of mTOR signaling.!®>* NMDAR-dependent L-LTP
is rapamycin-sensitive'® and results in increased phosphorylation of p70 S6 kinase
(S6K) at threonine 389, the mTOR target residue.” It is generally accepted that
mTOR activation promotes translation,’® but mTOR activation may function to sup-
press translation of certain mRNAs.>” In a surprising study, NMDAR-dependent
signaling through mTOR led to suppressed dendritic translation of the potassium
channel, Kv1.1.%® These studies provide strong evidence linking NMDAR activity to
regulation of mTOR signaling and protein synthesis, although this regulation may
not always follow the accepted paradigm of mTOR activation resulting in increased
rates of translation.

6.5.2 NMDA RecertorRs AND TRANSLATIONAL ELONGATION

NMDARs have been shown also to be involved in regulating another aspect of
translational regulation: peptide elongation. As noted, NMDARSs are major sources
of activity-dependent calcium entry into the postsynaptic compartment. Calcium
entry via the NMDAR channel regulates eEF2 kinase activity via calcium-bound
calmodulin that binds near the catalytic domain of the kinase. Interestingly, this
is not the only route through which NMDAR activation promotes calcium reg-
ulation of eEF2 kinase. Exposure of cortical neurons to NMDA in absence of
extracellular calcium results in increased eEF2 phosphorylation but not elF2o
phosphorylation.

The eEF2 activation arising from calcium released from intracellular stores also
resulted in inhibition of protein synthesis.” Several studies have shown that NMDAR
activation leads to the phosphorylation of eEF2 and the subsequent inhibition of
protein synthesis.®®-% In light of the evidence coupling NMDARS to activation of
translational initiation pathways, concomitant repression of translation elongation
presents a paradoxical scenario in which NMDA simultaneously stimulates and
represses protein synthesis (Figure 6.1B).

A closer examination of the studies linking NMDAR activation to the repres-
sion of protein synthesis reveals that NMDAR regulation of translational elon-
gation may in fact be representative of a more finely regulated mechanism that
contributes to the proper timing and spatial localization of neuronal transla-
tional events. For example, NMDAR-dependent regulation of eEF2 is spatially
restricted to sites of synaptic activity; in cultured hippocampal neurons, blocking
the NMDAR components of miniature synaptic events reduced eEF2 phosphor-
ylation in a synapse-specific fashion and site-directed blockade of eEF2 kinase
resulted in increased protein synthesis.®® In addition, stimulation of NMDARs did
not appear to lead to the persistent repression of elongation because prolonged
application of hippocampal neurons to NMDA (30 min) resulted in only tran-
sient eEF2 phosphorylation that peaked 10 min before returning to basal levels
within 60 min. Briefer periods of stimulation resulted in even more transient eEF2
phosphorylation (peaking <5 min).®
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In a study of rat synaptoneurosomes (biochemical preparations containing
enriched pre-and postsynaptic compartments), stimulation with NMDA led to
repressed protein synthesis. The repression of translation initially was pronounced
(within 5 min), then followed by an increase in protein synthesis that persisted
60 min.®’ This initial repression of translation in response to NMDAR stimulation
may represent a mechanism to delay protein synthesis until specific mRNA tran-
scripts arrive at sites of synaptic activity.

NMDAR-dependent regulation of eEF2 activity may also regulate translation
via a mechanism of specificity, that is, NMDAR-dependent signaling may increase
translation of a specific mRNA even though general protein synthesis is inhibited.
For example, NMDAR stimulation that results in the suppression of general protein
synthesis at the same time increases the synthesis of CaMKIIo.®’ In addition, slow-
ing the rate of translation elongation may permit less efficiently translated messages
to be utilized to a greater extent.

Many components of the translational machinery belong to a class of mRNAs
containing 5" terminal oligopyrimidines (TOPs). These mRNAs contain minimal 5’
structures and are not normally translated with great efficiency.5®%° Upon cellular stim-
ulation, these mRNAS are translated at increased levels.”*’! Following the induction of
NMDAR-dependent L-LTP in rat hippocampal slices, persistent increases in dendritic
eEF1A levels have been observed.” This finding suggests the possibility that NMDAR
activity may alter translation along a temporal gradient.

The increased eEF1A associated with L-LTP was rapamycin-sensitive during
an early temporal window shortly after stimulation, but was resistant to rapamycin
applied at later points.”” Thus, NMDAR activation may initially drive translation ini-
tiation via mTOR activation, but also affect translation in a way that permits critical
pools of mRNA to be specifically translated at later times.

Finally, although not demonstrated in neurons, eEF2 kinase can be regulated via
a rapamycin-sensitive pathway at Ser 78 (adjacent to the Ca**—calmodulin binding
site). This type of signaling requires the PI3 kinase signaling cascade, raising the
possibility that activation of NMDARs may trigger cross-talk between eEF2 kinase
and mTOR.” All this evidence points to a role for NMDAR-dependent regulation of
translation elongation in order to alter the translation of specific mRNAs. Moreover,
the translation of 5" TOP-containing mRNAs may be regulated by this mechanism
that may allow NMDARs to be involved in increasing overall neuronal translational
capacity. Further evidence linking NMDAR signaling to increasing the general
translational capacity of a neuron comes from recent studies involving the AIDA-1d
postsynaptic protein. Following NMDAR stimulation, AIDA-1d was trafficked in a
retrograde fashion into the nucleus where it mediated increased nucleolar numbers,
the cellular sites for ribosomal maturation.”* Whether the ribosomes are then traf-
ficked back to synapses remains to be determined.

6.5.3 NMDA Recertors AND TRANSLATION TERMINATION

Translation termination is the final critical step in protein synthesis. The nascent
peptide is released and the ribosomal synthetic machinery is recycled. Surprisingly,
little is known about the general cellular mechanisms governing this process in
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eukaryotes. No direct evidence points to NMDAR-dependent regulation of trans-
lation termination. However, based on the broad influence of NMDAR signaling
on translation initiation and elongation, it may simply a matter of time before such
regulation is revealed.

6.6 NMDA RECEPTORS AND REGULATION
OF TRANSLATIONAL SUBSTRATES

The precise regulation of the availability, localization, and stability of mRNA, the
translational substrate, is as at least as important as the core machinery in serving as a
component of the cellular protein synthesis apparatus. Neurons are highly organized
and polarized cells with specialized compartments. The proper trafficking of mRNAs
to distal dendritic sites is critical to normal neuronal function. Messenger RNA is
exported to neuronal processes in large RNA “granules” composed of mRNAs, RBPs,
ribosomes (polyribosomes), and translation factors. Neuronal activity modulates the
trafficking and subsequent synthesis of specific mRNAs in dendritic regions where
synaptic activity occurs.”>-80 Based on the extensive roles of NMDARs in triggering
the activation of signaling pathways that regulate protein synthesis, the question is
whether NMDARs also play a role in the regulation of the mRNAs availability for
translation.

6.6.1 NMDA Recertor RecuratioN oF CPEB

The association between mRNAs and RBPs is largely dictated by specific sequences
within the mRNA that convey binding specificity to the RBPs. One type of RBP
is the CPE-binding protein (CPEB). CPEB binds a consensus 3’ UTR sequence
(UUUUUAU) where it regulates both translational repression and activation through
direct binding and the polyadenylation of the mRNAs.3! CPEB is phosphorylated by
at least two kinases, Aurora kinase and CaMKIla, at Thr 171.8283 Phosphorylated
CPEB interacts with cleavage and polyadenylation specificity factor (CPSF) whose
activity extends the poly(a) tail of the bound mRNA3* (Figure 6.1C).

In oocytes, translation of dormant mRNAs is activated through CPEB binding
and subsequent polyadenylation of the dormant mRNAs. Initially, CPEB silences
the immature mRNA through recruitment of another protein known as maskin that
binds eIF4E which, when bound to the mRNA cap, prevents translation initiation.
Phosphorylation of CPEB induces polyadenylation of the mRNA and binding of
the poly(A)-binding protein (PABP) that brings eIF4G to the mRNA—protein com-
plex. This association displaces the maskin interaction with eIF4E, allowing trans-
lation to begin.?> A similar mechanism in Drosophila involving a maskin homolog
known as Cup has been described.?¢ Neurons may utilize similar mechanisms to
regulate mRNA substrate availability for translation. One caveat in this model of
NMDAR CPEB-dependent regulation of synaptic translation is that a functional
mammalian homolog for maskin has yet to be conclusively demonstrated. Several
homologs for mammalian maskin have been proposed, including a protein called
neuroguidin.?’
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In addition to its presence in the soma of neurons, CPEB is present in dendrites.®
It is particularly enriched in biochemical preparations that isolate the postsynaptic
density (PSD), identifying the synapse as the major site for CPEB localization.
Importantly, following stimulation with visual activity, synaptic CaMKIIoo mRNA
was polyadenylated and its protein expression was upregulated.®®

A direct link between CPEB and NMDARs was first demonstrated in cultured
cortical neurons in which NMDAR activation stimulated Aurora kinase to phos-
phorylate CPEB and subsequently enhance CaMKIIoo mRNA polyadenylation.®2-8°
In addition to stimulating CaMKIIo translation, NMDAR activation may also
promote CPEB activity via stimulation of CaMKII phosphotransferase activity.
CaMKIlIa has been shown to phosphorylate CPEB at Thr 171 to promote polyadenyl-
ation.33° This finding highlights convergent signaling to CPEB from the NMDAR.
Thus, it is possible that NMDAR activation can result in differential CPEB activation
based on the distinct kinetic profiles of the kinase activity of Aurora and CaMKII.
Of particular interest in this regard is the ability of CaMKII to auto-phosphorylate
and remain active independent of calcium long after calcium signals that initially
promote its activity are gone.’!-9?

Although it is clear that NMDAR activation regulates CPEB to promote trans-
lation, whether it mimics the signaling pathway that exists in amphibians and
insects remains to be determined.3¢# Nonetheless, NMDAR-dependent regulation
of CPEB activity provides a mechanism for the rapid transition of CPE-containing
transcripts from a state translational repression to a state of translational activation.
Finally, because CPEB also interacts with microtubule motor proteins to regulate the
transport of mRNA in vertebrate neurons, NMDAR activity may regulate both the
competency of translational substrates and also their transport to sites of neuronal
activity.”® These findings clearly demonstrate a role for NMDARS in regulating the
availability of specific mRNA transcripts for neuronal translation.

6.6.2 FrAGILE X MENTAL RETARDATION PrROTEIN (FMRP)
AND TRANSLATIONAL SUPPRESSION

FMRP is another RBP critically involved in synaptic plasticity, cognitive function, and
mental retardation.?>** Like CPEB, FMRP is involved in translational repression. It
can repress translation via a number of mechanisms. First, it possesses several RNA—
binding domains and can sequester mRNAs, thereby removing their availability to act
as translational substrates. Second, high levels of FMRP have been shown to inhibit
translation by disrupting formation of the 80S ribosomal complex.”> Finally, FMRP can
inhibit synaptic translation via its involvement in the micro RNA (miRNA) pathway.’®

FMRP is associated with many components of the miRNA system includ-
ing miRNA synthetic biosynthetic machinery (Dicer, Argonaut) and several spe-
cies of miRNA.°7?® Translational repression by miRNA is achieved through two
mechanisms. It binds imperfectly to short 3’ UTR segments on mRNA and inhibits
translation through an unknown mechanism. miRNA binding to mRNA also can
destabilize mRNA, targeting it for degradation.”® These features distinguish FMRP
as a powerful translational suppressor.
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The best evidence linking regulation of neuronal translation to FMRP function
comes from studies of mGluR-dependent LTD, a protein synthesis-dependent form
of LTD. Studies by Huber et al. and Hou et al. demonstrated that mGluR-dependent
LTD is enhanced in mice deficient for FMRP and that FMRP is rapidly translated
during mGluR-dependent LTD.!>1%° The best data linking NMDARSs to FMRP func-
tion comes from studies of the cortex. FMRP protein levels increase in rat barrel
cortex following whisker stimulation due to elevated rates of FMRP translation of
existing FMRP transcript rather than de novo gene expression. Importantly, this
increase was prevented by NMDAR activity blockade.'”! Similarly, FMRP protein
levels increase in response to visual stimulation. This increase is also dependent on
NMDAR activity.'> These data are consistent with the idea that NMDAR activ-
ity acts to suppress translation via increased FMRP biosynthesis. However, this
idea is at odds with other information we have about NMDAR, FMRP, and protein
synthesis-dependent forms of synaptic plasticity.

NMDAR activity is linked to activation of transcriptional initiation and enhanced
mRNA availability for translation. The finding that FMRP is translationally induced
by neuronal activity suggests that it is involved in at least some forms of transla-
tional activation. This concept is supported by studies demonstrating that FMRP is
required for translation of PSD-95 following mGIuR activation.!”> One possibility
is that NMDARs act through FMRP to induce a period of translational slowing to
allow the preferential translation of certain classes of mRNA over others, such as
those that contain internal ribosomal entry sites.!%

6.7 CONCLUDING THOUGHTS

NMDARSs are involved in coordinated signaling immediately downstream of synap-
tic activity during neuronal development, synaptic plasticity, and long-term memory.
Based on the broad requirement for protein synthesis in these processes, it is not
surprising to find evidence that NMDARSs are intimately involved in many facets of
translational control in neurons.

Despite the tremendous progress in the elucidation of the signaling pathways
that couple NMDARSs to protein synthesis machinery, many fascinating questions
remain. Two of the most intriguing and difficult questions in this regard are deter-
mining the identities of the proteins synthesized in response to NMDAR activa-
tion and understanding how these new proteins are incorporated into the proteome
to promote long-term functional changes in neurons. Another critical question is
whether alterations in NMDAR-dependent protein synthesis are present in disorders
triggered by mutations or deletions in translational control molecules such as fragile
X mental retardation. We anticipate that answers to these questions will provide a
more clear understanding of the relationships of NMDARs and translation.
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7.1 INTRODUCTION

Phosphorylation is a fundamental and pervasive mechanism widely known to regu-
late the functions of proteins,”*!3* and lipids.® Phosphorylation of specific amino
acid residues is a reversible process controlled enzymatically by the competing
activities of protein kinases that catalyze phosphorylation and phosphoprotein
phosphatases that catalyze dephosphorylation. Several years before the cloning of
glutamate receptors, phosphorylation was found to increase NMDA currents, and
dephosphorylation to decrease these currents in neurons from the hippocampus.”
Since then, two principal protein kinase/phosphatase families have been studied
extensively related to regulation of NMDA receptors (NMDARS) in the central ner-
vous system: those that act at serine/threonine residues and those that act at tyrosine
residues.

Phosphorylation and dephosphorylation may regulate the gating or cell surface
expression of NMDARs. Recently, an additional mechanism, alteration of the rela-
tive permeability of the NMDAR channel to Ca?*, has been suggested to be subject
to regulation by phosphorylation.!'? The simplest biochemical event that may under-
lie the regulation of NMDARSs is phosphorylation of a single amino acid in one of the
core NR subunit proteins. This phosphorylation may then be reversed by the action
of phosphoprotein phosphatase, and thus the relative levels of phosphorylation and
dephosphorylation are determined by the competing actions of those enzymes, i.e.,
those that are most proximate in the regulatory pathways.

While such direct phosphorylation on serine/threonine and tyrosine residues
has been demonstrated, whether such phosphorylation alone is necessary or suf-
ficient for the subsequent increase in NMDAR currents is not known definitively
and remains an open question. Alternative mechanisms that are nearly as simple,
such as phosphorylation of regulatory or trafficking proteins in NMDAR complexes
or of cytoskeletal or other elements also may contribute to changes in NMDAR
currents.

The kinase and phosphatase enzymes most proximate in the regulatory con-
trol of NMDARs are typically held within NMDAR complexes through anchoring
proteins (Figure 7.1) that allow the strategic localization of each enzyme in prox-
imity to its substrate in the complex. This may enhance the efficiency and specific-
ity of the signaling pathways. Based on the key role of NMDARSs in many forms
of synaptic plasticity, that signaling complexes containing both kinases and their
counterpart phosphatases are specifically targeted to the receptor complex facili-
tates bidirectional regulation of NMDARSs during synaptic plasticity. Moreover,
these enzymes are also subject to complex regulation by intracellular biochemical
signaling networks, leading to multiple levels of control that are dynamic in time
and space in certain neurons. Adding to the complexity, the enzymes regulating
NMDARs may be differentially expressed in different neuronal populations in
the CNS, and the expression may change during development or under physiologi-
cal or pathological conditions. This chapter provides an overview of the current
state of knowledge about NMDAR regulation by serine/threonine and tyrosine
phosphorylation, and the cross-talk between these kinase/phosphatase signaling
pathways.
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Serine/Threonine
Kinases and Phosphastases

Tyrosine
Kinases and Phosphastases

FIGURE 7.1 Comparison of anchoring of serine/threonine versus tyrosine kinases and phos-
phatases that regulate NMDARs.

7.2 NMDA RECEPTOR REGULATION BY SERINE AND
THREONINE KINASES AND PHOSPHATASES

Phosphorylation by serine/threonine kinases is a mechanism for functionally reg-
ulating a range of ligand-gated ion channels including GABA ,,*” glycine,''® nico-
tinic cholinergic,> AMPA,338099141 and NMDA!®-32128 receptors. The intracellular
domains of NMDAR subunits contain consensus phosphorylation sites for serine/
threonine kinases. Protein kinase A (PKA) and protein kinase C (PKC) are the
two that have been most extensively studied in terms of regulating NMDARs. Sev-
eral other kinases including casein kinase II (CK2) and cyclin-dependent kinase 5
have been found to regulate NMDAR function. In addition, calcium-calmodulin-
dependent kinase IT (CAMKII) is known to translocate to NMDARs in an activity-
dependent manner.%7-3!
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7.2.1 PrOTEIN KINASE A RecuLATION OF NMDA RECEPTORS

Protein kinase A (PKA) has been shown to increase NMDAR currents as indi-
cated through elevation of PKA activity by forskolin or cAMP analogs or direct
intracellular administration of PKA.'® Moreover, NMDAR currents are increased
by activation of PKA through stimulating G-protein coupled receptors (GPCRs)
including B-adrenergic receptors with agonists norepinephrine and isoprotere-
nol.'?® The increase in NMDAR current appears to occur through increased gat-
ing as indicated by increased channel open probability (P,) and currents evoked
by exogenously administrated NMDAR agonists. NMDAR-mediated excitatory
postsynaptic currents (EPSCs) are increased by PKA. The enhancements may
be due in part to PKA-mediated suppression of the desensitization of synaptic
NMDARs.%8

PKA is held in association with NMDAR complexes through binding to two main
scaffolding proteins or A kinase anchoring proteins (AKAPs). AKAP 79/150% inter-
acts indirectly with NMDARSs via PSD-952 and yotiao binds directly to the NR1
subunit.6810%145 A critical feature of these scaffolds is that they anchor both PKA and
the phosphoprotein phosphatases—calcineurin and protein phosphatase 1 (PP1),
respectively—that oppose the action of PKA on NMDAR function (see below). This
allows highly localized, tightly balanced, and complex regulation of NMDAR func-
tion by the interplay of PKA and these phosphatases. Under basal conditions in one
prominent model, constitutively active PP1 may keep NMDARs in a state of dephos-
phorylation and low activity. Upon activation by cAMP, PK A may phosphorylate PP1,
decreasing its activity and thereby, with direct phosphorylation of the channel, lead to
a shift in the balance of NMDARSs to a higher phosphorylation state and thus a higher
activity state.’214

While most studies focused on NMDAR currents, recent evidence suggests that,
in addition to changes in channel gating, permeability of the channel to Ca?* may
be regulated by PKA phosphorylation."> Most compellingly, Ca?* entry through
the channels, as assayed by an indicator dye overload technique, was suppressed by
inhibitors of PKA to a much greater extent than would be predicted by the decrease
in NMDAR current. Consistent with this, PKA blockers reduced the P¢,/P,..ovatent
ratio, as determined from reversal potential shifts of NMDAR currents. It was also
found that NMDAR-mediated Ca?* increases in dendritic spines were suppressed
by these blockers, with little or no decrease in NMDAR EPSCs. Notably this effect
was more prominent in neurons from young than in those from mature animals.
While this work relied exclusively on blockers of PKA, it raises the possibility that
phosphorylation may regulate channel permeability in addition to changes in channel
gating and receptor trafficking, and that this regulation may be developmentally
controlled.

MacDonald and colleagues” described an additional PKA-mediated regulatory
mechanism by which PKA may conversely decrease NMDAR currents. They found
that activation of GPCRs such as the PDGF receptor leads to activation of PKA and
subsequent phosphorylation of the Csk tyrosine kinase. Csk is a major negative regula-
tor of Src family kinases. PK A-mediated phosphorylation of Csk activates this kinase,
inhibiting Src kinases, and thereby suppressing NMDAR currents.
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7.2.2 ProTeIN KINASE C UPREGULATION OF NMDA RECEPTORS

The serine/threonine PKC family is ubiquitously expressed and involved in multiple
neuronal functions including neurotransmitter release, receptor regulation, and
synaptic remodeling. Based on its structure and selective sensitivity to second
messenger activators Ca?* and diacylglycerol (DAG), PKC can be classified into
three major groups. The conventional or calcium-dependent cPKCs (o, BI, BII, and
v) are activated by Ca?* and DAG. The novel or calcium-independent nPKCs (3, 6,
7, and €) lack a Ca?* binding domain but are still activated by DAG. Finally, the
atypical, aPKCs (£ and A/v), are both Ca?- and DAG-independent but sensitive to
other phospholipids.* PKC activation is associated with its translocation from the
cytosol to the different intracellular compartments including plasma and nuclear
membranes, where it is held close to the pertinent substrates by interacting with PKC
anchoring proteins or RACKSs (receptors for activated C kinase).

Each PKC isozyme may have a specific RACK or anchoring protein that directs
the relocation of PKC after its activation and in part mediates isozyme-specific
function.!”® PKC isozymes (B, v, and €) were found in the NMDAR complex in the
PSD.** Thus, upon activation, translocated membrane-bound PKC may phosphory-
late NMDARSs and other proteins in the PSD.

Evidence supporting a role for PKC in regulating NMDAR function is abundant.
Electrophysiological studies showed that activation of PKC by application of 43-
phorbol 12—myristate 13-acetate (4B-PMA) enhanced peak NMDA-evoked currents
recorded from isolated CAl hippocampal neurons. This potentiation is prevented
by PKC inhibitors chelerythrine or calphostin C, confirming the role of endogenous
PKC in response to 4B-PMA.7?> The constitutively active fragment of PKC (PKM)
also potentiates peak NMDA currents in hippocampal neurons.!*® PKC modulation of
peak NMDA currents depends primarily on the NR2 subunits expressed. Enhance-
ment by PKC is pronounced for receptors containing the NR2A or NR2B subunits,
but absent for receptors containing the NR2C or NR2D subunits.!3>#7 Instead, activa-
tion of PKC inhibits NR2C and NR2D responses.’! PKC also enhances the functions
of synaptically located NMDARs as indicated by the increased NMDAR-mediated
components of spontaneous miniature currents by PKM.”?

In Xenopus oocytes expressing native NMDARs, stimulation of PKC using
12-O-tetradecanoyl phorbol-13-acetate (TPA) potentiates NMDA channel activity,
with no change in single-channel conductance, reversal potential, or mean open
time.® Activation of GPCRs including phosphoinositol-coupled metabotropic glu-
tamate receptors,''3 muscarinic receptors, and lysophosphatidic acid receptors’ also
potentiates NMDAR currents via activation of PKC.

PKC potentiation of NMDAR function may be mediated through direct phos-
phorylation of NMDARs. Biochemical studies show that NR1, NR2A, and NR2B
subunits may be phosphorylated by PKC both in vitro and in vivo.®>!?” Phosphoryla-
tion sites have been identified for NR1 (Ser-890 and Ser-896),'27 NR2A (Ser-1416),28
and NR2B (Ser-1303 and Ser-1323).9 Using specific inhibitors of PKC isoforms and
antibodies recognizing specifically phosphorylated serine, PKC sites of NR1 have
been found to be phosphorylated by different PKC isoforms, with Ser-896 phos-
phorylated by PKC o and Ser-890 phosphorylated by PKCy.!%4
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Earlier studies have shown PKC-induced potentiation of NR1/NR2A receptor
currents in mutant receptors lacking the entire intracellular domains of both NR1
and NR2A"32, which contain consensus PKC phosphorylation sites. It is therefore
unlikely that the potentiation is caused by direct phosphorylation of NMDAR sub-
units. Instead, PKC could modify associated proteins, involved in signaling and/or
trafficking of NMDARs.

Evidence supports the role of direct phosphorylation in PKC-mediated poten-
tiation of NMDAR currents. In Xenopus oocytes expressing NR1/NR2B receptors,
direct phosphorylation of NR2B (Ser-1303 and Ser-1323) is involved in the PKC-
mediated potentiation of NMDAR currents, as mutation of either of these residues
severely reduces PKC potentiation.%> A comparable effect was seen for insulin that
potentiates NMDAR currents through PKC. Mutation of Ser-1303 and Ser-1323 of
NR2B significantly reduces the potentiation effect of insulin on NR1/NR2B recep-
tors. Similarly, mutating of homologous sites in NR2A (Ser-1291 and Ser-1312) abol-
ishes the insulin potentiation of NR1/NR2A receptors.*®

Evidence indicates that PKC potentiation of NMDARs may involve cross-talk
with tyrosine kinase pathways. Studies of GPCRs have shown that the Src tyrosine
kinase is involved in the PKC-induced potentiation and functions as the downstream
of PKC. Activation of muscarinic receptors and lysophosphatidic acid receptors
potentiates NMDARSs current in isolated CA1 hippocampal neurons via activation
of PKC. This potentiation is blocked by tyrosine kinase inhibitors genistein or lav-
endustin A, Src unique domain peptide fragments (40-58), and the anti-cstl anti-
body that selectively inhibits the Src family of kinases.”” The intermediary between
PKC and Src is focal adhesion kinase cell adhesion kinase-/proline-rich tyrosine
kinase 2 (CAKB/Pyk2).4* PKC activates CAKB/Pyk2 in hippocampal neurons®°
that in turn binds to and activates Src kinase.*® Thus, PKC potentiation may also be
mediated via the sequential activation of CAKB/Pyk2 and the nonreceptor tyrosine
kinase Src (see section below).

In addition to increasing NMDAR currents per se in neurons in the trigeminal
nucleus caudalis, activating PKC causes relief of the voltage-dependent blockade of
NMDARs by Mg?*.!18 While this relief is prominent in these neurons, the degree of
relief of Mg?* blockade is markedly less in neurons in the hippocampus.'3® Thus, this
mechanism for enhancing NMDAR currents in physiological conditions may have
limited relevance to the functions of NMDARs in the orofacial processing region of
the brain stem.

PKC thus regulates multiple properties of NMDARs. In addition to potentiating
peak NMDAR current, PKC also enhances NMDAR desensitization. In CA1 pyra-
midal neurons of the hippocampus, activation of PKC potentiates peak NMDAR
currents and also enhances inactivation of steady-state NMDAR currents. This Ca?*-
dependent inactivation is mediated via the competitive binding of Ca** CaM to a site
located on the C terminus of the NR1 subunit that also binds o-actinin 2.”' Unlike
potentiation of peak currents by PKC that occurs through the sequential activation
of the tyrosine kinases CAKP/Pyk2 and Src’?, enhancement of Ca**-dependent
inactivation of NMDAR currents is independent of CAKB/Pyk2 and Src activity.”!
Activation of PKC also enhances glycine-insensitive desensitization of NR1/NR2A
receptors expressed in HEK-293 cells, which is independent of previously identified
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PKC sites in NR1 and NR2A but may depend on the unidentified PKC sites.*’ Thus,
PKC exerts a combined effect on NMDARs, namely enhancement of peak currents
and suppression of steady-state currents. By regulating NMDAR desensitization
kinetics, PKC may allow more precise control over the time course of Ca?* entry fol-
lowing NMDAR activation, thereby preventing excessive and potentially damaging
ionic influxes.

7.2.3 OTHER SERINE AND THREONINE KINASES
7.2.3.1 Casein Kinase Il (CK2)

CK2 was shown to regulate NMDAR currents through studies using cell-attached
and excised patch recordings of single NMDA channels from acutely dissociated
adult hippocampal dentate granule cells.” Applying purified CK2 enzyme increased
NMDAR channel function that was conversely decreased by a selective inhibitor of
CK2, 5,6-dichloro-1-B-D-ribofuranosyl benzimidazole (DRB). DRB also inhibited
NMDAR-mediated synaptic transmission. Subsequently, CK2 was found to phos-
phorylate the Ser-1480 serine residue within the C terminal PDZ ligand (IESDV) of
the NR2B subunit of NMDAR in vitro and in vivo. This phosphorylation of Ser-1480
disrupted the interaction of NR2B with the PDZ domains of PSD-95 and SAP102
and led to decreased surface NR2B expression in neurons. This decrease in surface
expression appears to be in opposition to the increase in channel gating seen in elec-
trophysiological studies. This apparent paradox likely points to complex regulatory
effects of CK2 on NMDARs.

7.2.3.2 Cyclin-Dependent Kinase 5 (Cdk5)

CdkS is a serine/threonine kinase activated by neuron-specific p35 and p39 pro-
teins.!7130 It exists as a large, multimeric complex associated with cytoskeletal pro-
teins in neurons and has been shown to phosphorylate a wide variety of proteins,
including a number of synaptic proteins.”®!'! Cdk5 phosphorylates the NR2A subunit
on Ser-1232 both in vitro and in intact cells.®* This phosphorylation may be inhibited
by roscovitine, a CdkS5 inhibitor that also suppresses NMDA-evoked currents in hip-
pocampal neurons. In a recent conditional knock-out of Cdk5, NMDAR EPSCs were
increased compared with controls.?® This increase was attributed to increased synap-
tic NR2B-containing receptors arising from inhibition of calpain-mediated degrada-
tion. Thus, Cdk5 may phosphorylate both NR2A- and NR2B-containing NMDARs
with opposing functional effects. Phosphorylation increases NR2A but conversely
decreases NR2B.

7.2.4 PHOSPHATASES OPPOSING UPREGULATION BY
SERINE AND THREONINE KINASES

The major phospho-serine/threonine protein phosphatases 1 (PP1), 2A (PP2A),
and 2B (PP2B or calcineurin) suppress the activities of NMDARs, presumably
opposing the actions of the kinases described above. In excised patches from hip-
pocampal neurons, applying exogenous PP1 or PP2A depressed open probability
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of NMDAR single channels.!* Conversely, selective inhibitors of PP1 and PP2A,
calyculin A and okadaic acid (at low concentrations), exerted the opposite effect,
increasing NMDAR currents. This implies that these phosphatases endogenously
regulate NMDAR channel activity. Subsequently, the regulation by PP1 was deter-
mined to be due to localization of this enzyme at NMDARs through anchoring to
yotiao.!4

Likewise for calcineurin, by using cell-attached recordings in acutely dissoci-
ated adult rat dentate gyrus granule cells, inhibitors of this phosphatase (high con-
centration okadaic acid or FK-506) prolonged the duration of single NMDA channel
openings, bursts, clusters, and superclusters.®®

These inhibitors were ineffective when Ca?* entry through NMDA channels
was prevented, indicating that calcineurin, activated by calcium entry through
native NMDA channels, shortens the duration of channel openings. Subsequently,
calcineurin-mediated feedback was shown to regulate synaptic NMDAR cur-
rents'?® and depend on anchoring of calcineurin to the scaffold AKAP 79/150.°* By
measuring NMDAR currents from NR1/ NR2A expressing HEK-293 cells, Ser-900
and Ser-929 were identified as residues dephosphorylated by calcineurin.’®

The phosphatases are subject to regulation that may vary in different neuronal
types leading to cell-type specific regulation. For example, in striatal neurons, stimu-
lating D1 dopamine receptors activated adenylate cyclase, increased cAMP, and acti-
vated PKA that then phosphorylated and activated the protein phosphatase inhibitor,
DARPP-32. Phosphorylated DARPP-32 is a potent inhibitor of PP1.!! In hippocampal
neurons, PP1 is inhibited by a different protein known as inhibitor 1, which is also a
substrate of PKA.!"° Thus, PKA activation leads to inhibition of PP1 and decreased
dephosphorylation (i.e., enhanced phosphorylation) of downstream substrates includ-
ing NMDARs."?? In CAl neurons, PKA-phosphorylated inhibitor 1 likely interacts
with and inhibits PP1 causing enhanced phosphorylation of NMDARs.!!?

7.3 REGULATION OF NMDA RECEPTORS BY PROTEIN
TYROSINE KINASES AND PHOSPHATASES

Over the past decade, tyrosine phosphorylation has emerged as a key form of
regulation of NMDARs.373103 Central for the regulation of NMDARS by tyrosine
phosphorylation are members of the Src family of protein tyrosine kinases (PTKs)
that upregulate NMDAR function.

7.3.1 ENHANCEMENT OF NMDA REecepTOR FUNCTION BY SRC

In the mammalian CNS, five members of the Src family of nonreceptor PTKs are
expressed: Src, Fyn, Yes, Lck, and Lyn. These kinases were initially thought to be
involved in regulating cell proliferation and differentiation because Src, the proto-
type member, was initially identified as a proto-oncogene.!'® However, Src family
kinases (SFKs) are expressed in neurons of the adult CNS,?*!!° suggesting additional
functions for SFKs since neurons are differentiated postmitotic cells.

SFKs are now known to be expressed widely throughout the CNS and involved
in a range of cellular functions. One major function of SFKs in the developed CNS is
regulating the activities of ion channels. In the CNS, the first type of channel found
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to be subject to regulation by SFKs was the NMDAR subtype of ionotropic gluta-
mate receptor.'*? Subsequently, SFKs have been shown to regulate other types of
channels in CNS neurons including voltage-gated ion channels, such as potassium??®
and calcium channels,'* as well as ionotropic neurotransmitter receptors, including
GABAA (y-aminobutyric acid type A) receptors®®13¢ and nicotinic acetylcholine
receptors.!38

Electrophysiological recordings from neurons showed that NMDAR currents
are governed by a balance between tyrosine phosphorylation and dephosphoryla-
tion. Inhibiting endogenous PTK activity!'*>!*3 or increasing phosphotyrosine phos-
phatase (PTP) activity by introducing exogenous PTP' leads to suppression of
NMDAR currents. Conversely, inhibiting endogenous PTP activity or increasing
PTK activity by introducing exogenous Src causes enhancement of NMDAR cur-
rents.'*> Exogenous Src and Fyn were found to potentiate currents mediated by
recombinant NMDARSs expressed in HEK-293 cells>¢ and in Xenopus oocytes.?® As
shown on recordings of NMDAR single channel currents, the predominant effect
of PTK activity or inhibiting PTPs was to increase NMDAR channel gating with
no effect on NMDAR single channel conductance.'** Moreover, because the effects
of manipulating PTKs and PTPs were present with NMDARS in excised membrane
patches, it was inferred that PTK and PTP must be intimately associated with the
NMDAR complex.

While these studies also showed that exogenous SFKs are sufficient to enhance
NMDAR channel gating, further work is needed to identify the endogenous PTK
and PTP compounds that mediate NMDAR upregulation and downregulation,
respectively. Kinases in the Src family were implicated as endogenous enzymes
upregulating NMDAR activity via a phosphopeptide SFK activator (pY EEI peptide)
that increased the activities of synaptic NMDAR-mediated currents in cultured neu-
rons* and in CA1 pyramidal neurons in hippocampal slices.”®> When applied to the
cytoplasmic aspects of inside-out membrane patches, the activating peptide produced
an increase in gating of NMDARs without affecting single channel conductance.
Conversely an SFK inhibitory antibody known as anti-cstl exerted an opposite effect,
depressing NMDAR channel gating.

Are all five Src family members expressed in the CNS responsible for the
upregulation of NMDAR function or do specific SFKs regulate NMDARs? Src,*°
Fyn,'?! Lck, Lyn, and Yes*® are found in the postsynaptic density (PSD), the main
postsynaptic structural component of glutamatergic synapses. Furthermore, Src,'*
Fyn,'®, Lyn, and Yes’® were shown to be components of the NMDAR complex.
Thus, Src, Fyn, Lyn, and Yes are all at appropriate locations to potentially regulate
NMDAR function.

Src was implicated through the use of reagents—an inhibitory antibody (anti-
srcl)!% and an inhibitory peptide (Src40-58)!0—that selectively inhibit this kinase
but not other members of the Src kinase family. Each of these Src-specific inhibitors
decreases synaptic NMDAR-mediated currents and produces a decrease in NMDAR
channel gating, the same changes caused by the general SFK inhibitor, the anti-cstl
antibody. Src40-58 is the immunogen for anti-srcl and corresponds to amino acids
40 to 58 within the unique domain of Src. These reagents were hypothesized to block
Src-mediated upregulation of NMDAR activity by disrupting a protein—protein
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interaction of the Src unique domain that allows Src to interact with NMDARs to
modify receptor function.

As mentioned above, exogenous Fyn was shown to increase currents mediated by
recombinant NMDARSs>® but whether endogenous Fyn or other SFKs present in the
CNS regulates native NMDARS remains to be tested directly because inhibitors that
selectively block the activities of these SFKs have yet to be developed. However, the
Src-specific inhibitors prevent the increase in channel activity produced by the SFK
activating pY EEI peptide,'>° implying that endogenous Src plays a critical role in the
upregulation of NMDAR activity by SFKs. Src may cause upregulation of NMDAR
channel gating via direct tyrosine phosphorylation of the NR2A and NR2B subunits.
As discussed elsewhere,!%? it is possible that phosphorylation by Src of proteins in the
NMDAR complex, other than NMDAR subunits, may be responsible for Src-medi-
ated changes in NMDAR function.

7.3.2 ANCHORING Src IN NMDA Receptor CompLEX VIA UNIQUE DOMAIN

That Src coimmunoprecipitates as part of the NMDAR complex'> implies that it
is held there by binding to an anchoring protein or proteins. The main attributes
of such a protein are as follows’: (1) it must bind directly to the unique domain of
Src through amino acids 40 to 58; (2) this binding must be prevented by a peptide
with the sequence of amino acids 40 to 58 of Src (Src40-58); (3) the protein must be
present at excitatory synapses and must be a component of the NMDAR complex;
and (4) lack of the protein must prevent upregulation of NMDAR activity by endog-
enous Src. A candidate protein identified by yeast two-hybrid screening using bait
constructs containing the Src unique domain was NADH dehydrogenase subunit 2
(ND2), a 347-amino acid protein known to be a subunit of the inner mitochondrial
membrane enzyme NADH dehydrogenase (Complex I).

Direct interaction of the Src unique domain and ND2 was confirmed through
in vitro binding assays. Results from these experiments also identified the ND2.1
region as necessary and sufficient for interacting with the Src unique domain. ND2.1
bound directly to the Src40-58 peptide and the in vitro binding of the Src unique
domain to ND2.1 was prevented by Src40-58. Src and ND2 coimmunoprecipitated
from tissue extracts and, importantly, from PSD preparations from brain. The co-
immunoprecipitation was prevented by Src40-58, implying that the Src—-ND2 inter-
action identified in vitro may occur in vivo.

In addition to finding ND2 in PSD protein preparations, ND2 immunoreactivity
was found by immunogold electron microscopy in PSDs in the CAl hippocampus.
Coimmunoprecipitation experiments indicated that ND2 is a component of the
NMDAR complex and that the Src—ND2 interaction is required for the association
of Src, but not ND2, with NMDARs. Finally, we found that depleting ND2 sup-
presses Src association with the NMDAR complex and prevents the upregulation
of NMDAR function by activating endogenous Src at excitatory synapses. These
multiple and converging lines of evidence lead to the conclusion that ND2 mediates
interactions between NMDARs and the unique domain of Src. Surprisingly, ND2
acts as an adaptor protein that anchors Src within the NMDAR complex, where it
allows Src to upregulate NMDAR activity.
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The finding that ND2 binds to Src through the unique domain establishes that,
like the SH2 and SH3 domains, this part of Src is a protein—protein interaction region.
ND2 binds to Src through a sequence that is not conserved among members of the
Src kinase family. Because the unique domains of several Src family kinases have
potential binding partners,?!3* a unifying principle for the role of this region may
be in mediating protein—protein interactions. However, unlike the highly-conserved
SH2 and SH3 domains that mediate interactions shared by Src family members, the
weakly conserved unique domains readily allow distinct interactions for each kinase.
Differences in unique domain binding partners may contribute to the functions of the
various members of the Src family of kinases, including Fyn that is also known to be
held within the NMDAR complex but does not interact with ND2.3°

7.3.3 REeGuULATION OF SRC WITHIN NMDA RecerTorR COMPLEX

As in other systems, the activity of Src within the CNS is tightly regulated. At excit-
atory synapses in the adult CNS, the basal activity of Src is normally maintained in
a low state but can be enhanced by upstream signaling events. Src family kinases
serve as molecular hubs through which numerous signaling cascades converge
to regulate NMDARs.1% Some of the same molecules identified in other systems
that regulate Src activity also play important roles in the regulation of Src within
the NMDAR complex and include the activating enzymes tyrosine kinase CAKp/
Pyk2°and the protein tyrosine phosphatase PTPa°! along with the inhibitory kinase
Csk.'*4 In addition to these well-characterized regulators of Src, three PSD proteins
were recently identified to modulate Src within the NMDAR complex: RACK1,%
H-Ras,!2¢ and PSD-95.4°

7.3.4 STEP OrrosITION TO SRC UPREGULATION
oF NMDA Receptor FUNCTION

NMDAR function is not regulated by Src alone but by the balance of the activities of
Src and a PTP that depresses NMDAR gating, reversing the effects of Src. Inhibiting
PTPs pharmacologically increases NMDAR channel gating in excised membrane
patches'*®* and PTP activity coimmunoprecipitates with NMDARs,? indicating that
endogenous PTP is intrinsic to the NMDAR complex. One family of PTPs observed
at the PSD of glutamatergic synapses are the STEPs (striatal-enriched tyrosine phos-
phatases),” a family of brain-specific, nonreceptor type PTPs.’

The STEP61 isoform has been found to be a component of the NMDAR com-
plex in spinal cord and hippocampus® and therefore is located appropriately to
downregulate NMDAR function. Applying recombinant STEP to the cytoplasmic
aspects of inside-out membrane patches suppresses NMDAR channel gating,
mimicking the effect of inhibiting Src. Similarly, recombinant STEP applied
intracellularly reduces NMDAR EPSCs. Conversely, intracellular application of
a function-blocking STEP antibody or a dominant-negative STEP produced an
increase in NMDAR-mediated EPSCs, implying that NMDAR activity is regu-
lated by endogenous STEP. Both the reduction of NMDAR currents produced by
exogenous STEP and the increase of NMDAR currents arising from inhibiting
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endogenous STEP required Src since both were prevented by blocking Src activ-
ity.> Thus, it was concluded that STEP is the endogenous PTP that regulates the
function of NMDARS in opposition to Src.

Two additional roles for STEP in the regulation of NMDARs have been
elucidated. First, STEP-mediated dephosphorylation suppresses the constitutive
trafficking of NMDARs, leading to a decrease in NMDAR cell surface expres-
sion.!%!4 Second, STEP has been found to dephosphorylate Fyn, reducing its activ-
ity®® and possibly indirectly and directly suppressing tyrosine phosphorylation of
NMDAR:s.

7.4 NMDA RECEPTOR PHOSPHORYLATION
IN SYNAPTIC PLASTICITY

NMDARSs are pivotal for several types of lasting forms of synaptic plasticity in the
CNS required for physiological events including learning and memory and patho-
logical processes such as pain. Long-term potentiation (LTP) is a prominent form of
lasting enhancement of synaptic transmission and the predominant cellular model of
learning and memory.”” Clearly, the induction of one main form of LTP exemplified
by the tetanus-induced potentiation at Schaffer collateral-CA1 synapses in the hip-
pocampus requires substantially enhanced entry of Ca?* through NMDARSs. Depo-
larization-induced reduction of Mg?*-inhibition of NMDAR currents is a commonly
accepted mechanism, but NMDAR currents may be enhanced in other ways, e.g.,
stimulating signaling cascades. When such cascades are activated through synaptic
activity, they provide a form of coincidence detection, a hallmark of synaptic theo-
ries of learning and memory analogous to that proposed to arise from postsynaptic
depolarization.

Kinase-mediated upregulation of NMDARSs may participate directly in mediat-
ing synaptic plasticity. Also, the bidirectional control of NMDARSs through a bal-
ance of kinase and phosphatase activity may be critical in synaptic metaplasticity,
i.e., in the “plasticity of plasticity.”?

7.4.1  Src UPREGULATION OF NMDA RecepTORS IN LTP AT CA1 SYNAPSES

SFKs have been implicated from physiological and pharmacological approaches
as critical for the induction of LTP in CA1.327* PTKs were first implicated on the
basis that tetanus-induced LTP in CAl neurons was prevented by broad spectrum
inhibitors that did not alter preexisting potentiation, implying involvement of PTKs
in induction rather than in maintenance of LTP. Upregulation of NMDAR activity
by Src is required for the induction of LTP at Schaffer collateral CA1 synapses in
the hippocampus.*%"3% Intracellular administration of Src40-58 or anti-Srcl directly
into postsynaptic neurons by means of a patch pipette electrode prevents LTP induc-
tion in CAl neurons. Because Src40-58 and anti-Srcl prevent the upregulation of
NMDAR activity by endogenous Src but do not affect excitatory synaptic transmis-
sion,*073:150 the most parsimonious explanation for the suppression of LTP induction
is that these reagents disrupt the Src—ND2 interactions at synaptic NMDARs. Thus,
it was inferred that the interaction between the Src unique domain and ND2 is essen-
tial for induction of LTP at CA1 synapses.



Regulation of NMDA Receptors by Kinases and Phosphatases 135

The SFK activator pYEEI peptide increased synaptic AMPAR responses, an
increase prevented by Src40-58. This increase occludes that produced by tetanus,
implying common signaling steps. The pY EEI-induced increase in AMPAR responses
is prevented by chelating intracellular Ca?*, but this has no effect on pYEEI-induced
increases in NMDAR currents. Because blocking NMDARs prevents the potentiation
of AMPAR responses by pY EEI, the simplest model is that Src-mediated upregulation
of NMDARSs is necessary for tetanus-induced LTP in CA1 neurons.? Consistent with
this model is the finding that the level of phosphorylation of Y1472 of NR2B increases
following tetanic stimulation in CAl hippocampus.®® Tyrosine phosphorylation of
NR2B increased after LTP induction in the dentate gyrus of the hippocampus.!°102

STEP has also been implicated in the induction of LTP.* In hippocampal slices,
inhibiting endogenous STEP activity with an inhibitory antibody delivered into CAl
neurons enhanced transmission and occluded LTP induction through a mechanism
dependent on NMDARs, Ca?, and Src.”> Conversely, administering recombinant
STEP into CA1 neurons prevented induction of LTP. Neither administering STEP nor
inhibiting Src affected basal synaptic transmission or NMDAR currents in CA1 neu-
rons and hence no suppression of NMDARs resulting from these experimental maneu-
vers might otherwise account for the blockade of LTP induction. STEP does reverse
the enhancement of NMDAR currents produced by activating Src. Thus, STEP acts
tonically as a brake on Src-mediated synaptic potentiation.

Consistent with the role of Src-mediated upregulation of NMDARs in LTP
induction, recent studies implicated PTPa., a well-characterized activator of Src, in
LTP.%9¢ Induction of LTP in hippocampal CA1 neurons was prevented by inhib-
iting endogenous PTPa activity through intracellular application of an inhibitory
antibody.®' LTP induction in CAl hippocampus was impaired in mice with targeted
deletions of PTPa. The impairment was associated with a reduction in phosphoryla-
tion levels of Y1472 in the NR2B C tails in the PTP¢ - mice.”

Induction of LTP in hippocampal CAl neurons is prevented by blocking CAKRB
using the dominant negative mutant described above.*® Conversely, administer-
ing CAK®B into CAl neurons produces a lasting enhancement of AMPAR synaptic
responses, mimicking and occluding LTP. This CAKRB-stimulated enhancement of
synaptic AMPAR responses is prevented by blocking NMDARs, chelating intracellu-
lar Ca?*, or blocking Src. Synaptic NMDAR currents in CA1 neurons are not tonically
upregulated by CAKB-Src signaling, but CAKRB becomes activated and recruited to
Src by stimulation that produces LTP.4%> Thus, activation of CAKS leading to stimula-
tion of Src is essential for the induction of tetanus-evoked LTP.

Figure 7.2a illustrates a simple model for induction of LTP based on the work
described above. It is hypothesized that tetanic stimulation rapidly activates CAKB
that associates with and thereby activates Src, allowing tonic suppression of NMDAR
function by STEP to be overcome. This kinase-dependent upregulation may be further
amplified by a rise in intracellular Na* that occurs during high levels of activity since
Src kinases increase NMDAR function and also sensitize the channels to potentiation
by intracellular Na*.">! Coupled with depolarization-induced reduction of Mg?* inhibi-
tion, a dramatic boost in the influx of Ca?* through NMDAR:S sets in motion the down-
stream cascade’’ that ultimately results in potentiation of synaptic AMPAR responses by
recruiting new AMPARSs to the synapse and/or by phosphorylating existing AMPARs.
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FIGURE 7.2 (a) Model for the role of Src, STEP, CAK, PTPa., Csk, and ND2 in the induc-
tion of LTP at synapses, e.g., in CA1 hippocampus. Left: under basal conditions, NMDAR
activity is suppressed by partial blockade of the channel by Mg?* and activity of STEP and
Csk. ND2 acts as an adaptor protein for Src at the NMDAR complex. Middle: tetanic stimula-
tion causes increased current through NMDARs by relief of Mg?* inhibition by activation of
Src (Src#) via the actions of PTPa and activated CAKP (CAKP-P) that overcomes suppres-
sion by STEP and sensitizes the NMDARs to raised Na*,. The protein—protein interaction of
ND2 and the Src unique domain allow activated Src to interact with NMDARSs to upregulate
receptor function. Right: upregulated NMDARs allow greatly increased entry of Ca?" into
CA1 neurons, which binds to calmodulin (CaM), causing activation of CaMKII. Expression
of LTP arises from increased numbers of AMPARs in postsynaptic membrane or enhanced
AMPAR channel activity. (b) Hypothesis for metaplasticity by altering the balance of phos-
phorylation and dephosphorylation of NMDARsS.
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7.4.2 KINASE AND PHOSPHATASE REGULATION OF NMDA
RECEPTORS IN SYNAPTIC METAPLASTICITY

Metaplasticity is defined as regulation of the processes that underlie synaptic plastic-
ity.2 This can be seen in thresholds for the induction of LTP or long term depression
(LTD) that may be influenced by prior activity or conditioning stimuli that alone do
not alter the amplitudes of basal EPSCs or the efficacy of synaptic transmission. For
NMDAR-dependent LTP or LTD, one mechanism for metaplasticity may alter the
gating or expression of synaptic NMDARs. This is precisely what protein kinases
and phosphatases do, as described above.

LTP and LTD can be considered in terms of the relationship of stimulation fre-
quency and resultant change in synaptic efficacy (Figure 7.2b). From this perspec-
tive, metaplasticity is reflected by a right or left shift in the frequency—plasticity
relationship. Thus, it is hypothesized that kinase-induced enhancement of NMDAR
function or number results in production of LTP at lower stimulation frequencies.
Conversely, when the kinase/phosphatase balance is shifted toward dephosphoryla-
tion and suppression of NMDARs, higher stimulation frequencies may be required
to elicit LTP. Changes in NMDARSs caused by several serine/threonine and tyrosine
kinases or phosphatases have already been implicated in producing metaplasticity.”
Because these regulatory enzymes are convergence points for many signaling path-
ways involving diverse upstream receptors in various CNS regions, it is anticipated
that complex metaplasticity relationships existing in various neuronal types depend
on the unique biochemical networks that are active at a given time.

An interesting example of the complexity by which kinase regulation of
NMDARSs may affect synaptic plasticity comes from recent work on CdkS5 regulation
of NMDARs.* As noted, the conditional knockout of Cdk35 in the adult mouse brain
increases NR2B expression at synapses. In hippocampal slices from these animals,
thresholds for induction of LTP were lowered. Consistent with incorporation of func-
tions of NR2B receptors, LTP induction became sensitive to the ifenprodil NR2B-
selective blocker. Furthermore, the Cdk5 conditional knockouts showed improved
performance in spatial learning tasks, also sensitive to ifenprodil. Thus, the control of
synaptic plasticity by kinase/phosphatase regulation of NMDARS appears to depend
on the ultimate effect of the particular kinase/phosphatase on the level of function or
expression of synaptic NMDARs and may be highly dependent upon the enzymes,
their control by cell signaling pathways, and the NMDAR subunits affected.

7.5 NMDA RECEPTOR PHOSPHORYLATION IN
CENTRAL NERVOUS SYSTEM PATHOLOGY

Adaptive plasticity that underlies physiological processes such as learning and mem-
ory requires a correct level of NMDAR activity to appropriately modify synaptic
transmission. Conversely, maladaptive plasticity underlying disorders characterized
by pathological hyperexcitability such as epilepsy or pain may result from excessive
activity of NMDARs. Excessive NMDAR activity may also contribute to neuronal cell
loss in CNS ischemia and neurodegenerative disorders. However, pathologically sup-
pressed activity of NMDARSs is a prominent hypothesis for schizophrenia. Emerging
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evidence indicates roles for imbalance in kinase/phosphatase regulation of NMDARs
in disorders characterized by hyper- or hypofunctioning of these receptors.

7.5.1 PaIN

Upregulation of NMDARSs appears crucial for the initiation and maintenance of the
enhanced responsiveness of nociceptive neurons in the dorsal horn of the spinal cord in
experimental pain models."¢ In spinal cord slices, peripheral inflammation* and nerve
injury® alter NMDAR-mediated currents in superficial dorsal horn neurons. Periph-
eral nerve injury increases the amplitude, slows the decay phase of NMDA EPSCs,*¢
and produces prolonged facilitation of membrane currents and calcium transit induced
by bath application of NMDA,* thus potentiating glutamatergic transmission.

In the dorsal horn, glutamatergic transmission may be potentiated homosyn-
aptically, as in CAl, although the predominant form of enhancement of synaptic
transmission is heterosynaptic.'¥” As in CA1l, NMDARs in dorsal horn neurons are
regulated by CAKP Src signaling balanced by STEP activity in vitro. In vivo, tyro-
sine phosphorylation of NR2B in the spinal cord increases with models of inflam-
matory>-¢ and neuropathic pain.! Inhibition of SFKs in vivo delays the onset of
inflammatory hyperalgesia!® and inhibition of SFKs, PKC or group I mGluRs
prevents the increase in NR2B tyrosine phosphorylation.’>3¢ This indicates that a
GPCR signaling cascade upstream of SFK-mediated NMDAR upregulation may be
required for pain-related maladaptive changes in synaptic transmission. Peripheral
nerve injury activates SFKs in lumbar spinal cord.’! Intrathecal administration of
PP2, a nonselective SFK inhibitor, suppresses mechanical hypersensitivity in nerve-
injured mice,’! suggesting a role of SFK in neuropathic pain.

Studies of mice with deletions of specific SFK genes indicate that Src,”® Fyn,! and
Lyn!?? are essential for the development of neuropathic pain. Mice lacking each of
these genes exhibited deficits in peripheral nerve injury-induced mechanical hyper-
sensitivity. However, the role of these SFKs in neuropathic pain may be different.
Spinal cord dorsal horn NR2B phosphorylation induced by peripheral nerve injury is
reduced in both Src and Fyn mutant mice, indicating that NMDARSs are downstream
of Src and Fyn. However, Lyn is predominantly activated in microglia following
PNI, and the upregulation of the ionotropic purinoceptor P2X4 in microglia'®! is
deficient in Lyn null mutant mice.

As multiple signaling pathways converge on SFKs in synaptic transmission,'%?
SFK-dependent NMDAR upregulation may also serve as a convergence point in
the development and maintenance of chronic pain. For example, activation of EphB
in the spinal cord with ephrinB2 resulted in prolonged hyperalgesia,> while inhibi-
tion of EphB reduced chronic inflammatory® and neuropathic pain.>> EphB activa-
tion induced phosphorylation of SFKs,> leading to phosphorylation of NR2B and
amplifying NMDAR responses.!?> The convergence of multiple signaling pathways
on SFKs allows both homosynaptic and heterosynaptic plasticity in the dorsal horn
that is likely mediated through upregulation of NMDARs by these kinases.

Accumulating evidence indicates that PKA- and PKC-mediated NMDAR phos-
phorylation participates in generation of pain hypersensitivity. Increased phosphory-
lation of NR1 proteins in spinal dorsal horn neurons was observed in spinal cords
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of rats following noxious heat,'> capsaicin injection,'33!5> formalin injection,>* and
peripheral nerve injury.2%?’ This increase in phosphorylation was detected in both a
PKC-dependent site (Ser-896)!? and a PK A-dependent site (Ser-897).27-3%154 Pharma-
cological studies of selective protein kinase inhibitors also suggest that both PKA
and PKC are involved in this increased phosphorylation of NR1 following noxious
stimulation.!315 Thus, serine phosphorylation of NR1 subunits through PKA- and
PKC-mediated pathways may contribute to both acute and persistent pain.

7.5.2  EpILEPSY

Some forms of epilepsy such as that produced by kindling are also thought to
depend on upregulation of NMDAR function.®® Kindling shares physiological
and pharmacological properties with LTP, so they may share common signaling
pathways. Targeted disruption of Fyn in mice delayed the induction of kindling."?
Introduction of native Fyn into Fyn~- mice resulted in accelerated kindling.>” More-
over, transgenic mice expressing a constitutively active form of Fyn showed higher
seizure activity.’’ Consistent with this, tyrosine phosphorylation of NR2A and NR2B
increased after seizure activity in kainate-induced status epilepticus, another model
of epilepsy.**#® In an in vitro model of epileptiform activity in the CA3 region of
hippocampus, Src activity increased with epileptiform activity and the frequency of
epileptiform discharge was reduced by pharmacological blockade of SFKs.1%

7.5.3 IscHEMIA-INDUCED NEURONAL CELL DEATH

Excitotoxicity mediated by NMDARSs is implicated in neuronal death in many patho-
logical conditions including CNS ischemia, trauma, and neurodegenerative diseases.
Studies of SFK signaling in models of cerebral ischemia revealed that transient isch-
emia induces increases in tyrosine phosphorylation of NR2A and NR2B.21:22.123.124
This is associated with the recruitment of Src, Fyn, and CAKJ to the PSD?!'?3 and
with the activation of Src and CAK[??. Y1472 in the NR2B C terminal tail is hyper-
phosphorylated in postischemic rats. Phosphorylation of Y1472 is reduced by inhibi-
tion of SFKs.?? Furthermore, SFK inhibitors suppress NMDA-evoked excitotoxicity
in vitro.’® These results implicate a Src-mediated pathway and tyrosine phosphoryla-
tion of NMDARSs in the pathophysiological mechanism of neuronal death caused by
ischemia.

Upregulation of NMDARS by the serine/threonine kinase Cdk5 may also contrib-
ute to ischemia-induced neuronal cell loss. In rat hippocampal CA1 neurons, forebrain
ischemia induced Cdk5-mediated phosphorylation of the NR2A subunit at Ser-1232.137
Inhibiting endogenous Cdk5 or perturbing interactions of Cdk5 and NR2A subunits
abolished NR2A phosphorylation at Ser-1232 and protected CA1 pyramidal neurons
from ischemic insult. Thus, both serine/threonine and tyrosine phosphorylation of
NMDARs may be critical in deaths of neurons produced by acute ischemic injury.

7.5.4 HUNTINGTON’s DISEASE

NMDARs are considered to play a role in neuronal loss in several neurodegenerative
conditions. The potential involvement of SFK-mediated NMDAR phosphorylation in
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Huntington’s disease is well investigated. This disease is a progressive neurodegenerative
disorder with autosomal-dominant inheritance. The gene for Huntington’s disease
encodes the huntingtin protein that has an expanded polyglutamine stretch near the
5" end of the gene.”

Expression of polyglutamine-expanded huntingtin in a hippocampal cell line
activates Src and increases tyrosine phosphorylation of the NR2B subunit of
recombinant NMDARSs.!'> Expression of mutant huntingtin sensitizes NMDARs
and promotes neuronal death induced by glutamate.!?® Inhibition of SFKs decreases
glutamate-induced neuronal death mediated by mutant huntingtin, as does co-
expression of a mutant NR2B subunit in which Y1252, Y1336, and Y1472 are sub-
stituted to phenylalanine. These results indicate involvement of an SFK-mediated
signaling pathway upstream in the NMDAR-dependent degeneration of neurons in
Huntington’s disease.

7.5.5 ALZHEIMER’S DISEASE

Dysregulation of NMDAR phosphorylation is also implicated in Alzheimer’s dis-
ease. A central causative factor of this disease is the accumulation of a small secreted
peptide known as amyloid-B.”” One effect of a toxic fragment of amyloid-p known
as amyloid-P1-42 is activation of the o7 nicotinic acetylcholine receptor resulting
in o/7-mediated Ca?" influx and activation of calcineurin."* PP2B dephosphorylates
and activates STEP, which dephosphorylates the NR2B subunit at Tyr-1472 and pro-
motes internalization of NR2B-containing NMDARs. STEP may also depress Fyn
and hence the Fyn-mediated phosphorylation of Tyr-1472.1° It is hypothesized that
high levels of amyloid- reduce NMDA EPSCs and inhibit synaptic plasticity.'"*

7.5.6 SCHIZOPHRENIA

NMDAR hypofunction is implicated in a number of the behavioral manifestations
of schizophrenia—social withdrawal, increased motor stereotypy, cognitive defi-
cits, and locomotor activity—in humans and animal models.?*3>197 Dysregulation
of NMDAR phosphorylation may thus contribute to the etiology of schizophrenia.
Schizophrenia has one of the highest heritabilities among neuropsychiatric disorders.
In several human association and linkage studies, ErbB4 has been identified as a
key risk gene that confers susceptibility to schizophrenia,?”¢0°1.92 ErbB4 encodes a
receptor tyrosine kinase, the ErbB4 receptor, that is expressed in the adult CNS. The
cognate ligand for ErbB4 is the peptide neuregulin 1 (NRGI), also strongly linked to
schizophrenia in humans.!”” In post-mortem prefrontal cortex tissues of patients with
schizophrenia, marked increases of NRGl-induced activation of ErbB4 attributable
to increased association of ErbB4 with PSD-95 were observed.?’

This overactivation of ErbB4 by NRGI suppressed tyrosine phosphorylation
of NR2A in human samples. In rodents, NRG1 ErbB4 signaling blocks induction
of LTP at CA1 synapses,*7* likely by suppressing Src-mediated enhancement of
NMDARs. These studies lead to the hypothesis that cognitive deficits in schizophre-
nia may be consequences of hyperfunction of NRG1 ErbB4 signaling, leading to
suppressed NMDAR-dependent synaptic plasticity.”
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7.6 CONCLUSIONS

Our understanding of the regulation of NMDARS by protein kinases and phosphatases
has increased at an accelerating pace in recent years. We now have abundant evidence
about the molecular mechanisms by which these enzymes regulate the functions and
cell surface expression of NMDARs. These molecular insights provided a number of
tools that are beginning to reveal roles for phosphorylation and dephosphorylation of
NMDAREs in a diversity of CNS processes. We anticipate that the convergent regula-
tion of NMDARSs by serine/threonine and tyrosine kinases will be widely relevant to
various states of health and disease.
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8.1 INTRODUCTION

At glutamatergic synapses, NMDA receptors (NMDARS) are localized with other iono-
tropic glutamate receptors [AMPA receptors (AMPARSs) and kainate receptors] and
with metabotropic glutamate receptors. Targeting the necessary number of NMDARs
to the proper sites at synapses is critical for normal glutamatergic neurotransmission
and synaptic plasticity. Additional diversity of NMDAR responses arises from the com-
plexity of subunit composition and variations in localization. Thus, the mechanisms
of NMDAR trafficking and targeting must address the complex needs of neurons. For
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example, NMDARs must be transported to different subcellular sites because some
receptors are localized to synaptic sites (pre- and postsynaptic) while others are local-
ized extrasynaptically.'#

NMDAR subunit expression differs as a function of brain region and develop-
mental age.>” Subunit composition may determine subcellular localization, i.e., in
adults, NR2A-containing receptors are enriched at synapses while extrasynaptic
receptors are predominantly NR2B-containing complexes.!>* Furthermore, evi-
dence indicates the incorporation of more than one type of NR2 subunit in each
complex (tri-heteromeric NR1/NR2X/NRZ2Y) such as NR1/NR2A/NR2B receptors
in hippocampal neuron synapses, NR1/NR2A/NR2C in cerebellar granule cell syn-
apses, and NRI/NR2B/NR2D in substantia nigra dopaminergic neurons.® Finally,
different NMDARSs may be expressed at different synapses within the same neuron.*
Thus, the mechanisms of NMDAR trafficking must be varied and well regulated to
meet the needs of neurons.

8.2 NMDA RECEPTOR TRANSPORT THROUGH THE
BIOSYNTHETIC PATHWAY, AT THE SYNAPSE,
AND FOLLOWING INTERNALIZATION

8.2.1 PROCESSING IN THE ENDOPLASMIC RETICULUM

Generally, membrane proteins are made in the endoplasmic reticulum (ER) and then
subjected to various kinds of quality control that inhibit export of misfolded or oth-
erwise imperfect protein molecules. For multimeric proteins such as ion channels,
assembly of the monomers occurs in the ER in which mechanisms prevent export
of monomers and incompletely assembled complexes. Thus, subunits of NR1, NR2,
and NR3 come together in various combinations to form tetramers that generate
the NMDAR ion channel complex. These subunits are retained in the ER until they
assemble.

An ER retention and retrieval factor with a 3-amino acid residue motif (RXR)
was identified in the intracellular C terminal region of NR1. Similar retention factors
in other subunits are likely present but have not been identified (NR2B° and NR3B';
see below). When subunits join to form a complex, the ER retention must be negated
by some mechanism such as by steric masking of the ER retention site or the presence
of an export signal that somehow overrides the ER retention function. Four of the
eight variants of NR1 contain C1 cassettes (alternatively spliced exons of C terminal
regions of NR1). This cassette includes the RXR retention motif (RRR!%-4). When
the NR1-1 variant containing this C1 cassette is expressed in heterologous cells, it is
retained in the ER.!! In contrast, expression of any of the other three variants (NR1-2,
NRI1-3, or NR1-4) causes trafficking of these transfected proteins to the cell surface.

Trafficking to the cell surface is expected for both NR1-2 and NR1-4 because
they lack C1 cassettes (with ER retention motifs). NR1-3 contains C1 but still trav-
els to the surface, because it also carries a C2” cassette that contains a signal that
can mask or override the ER retention mechanism. The last six amino acids of
C2’ including the PDZ (PSD-95/Dlg/Z0-1) binding domain STVV are sufficient
to suppress ER retention. In addition, soluble fusion proteins that contain the PDZ
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binding domain of C2’ block the surface expression of NR1-4 (presumably because
the PDZ proteins are saturated by the mutant molecule). This suggests that some
kind of PDZ-containing protein normally binds to the C2’-containing NR1 subunits
(NR1-3 and NR1-4) very early in the secretory pathway, perhaps at ER exit sites.!

Other factors also may affect release of NR1 subunits from ER retention.
PKC phosphorylation of serines near the RXR ER retention motif of the C1 cas-
sette relieves ER retention and elicits robust surface expression of NR1.!2 This also
may involve phosphorylation of an adjacent serine by PKA and coordination of the
actions of PKA and PKC.!* However, relief from ER retention elicited by the C2’
cassette may not be due to the binding of a PDZ protein to the STVV C terminus
but may involve an alternative mechanism. The valine residues in the C terminus
may bind COPII proteins that are found at ER exit sites; this also may be a com-
mon mechanism for ER exit of integral membrane proteins with type I PDZ-binding
motifs (T(S)XV).”

Exit mechanisms of NMDARSs from the ER probably involve the association of
the NR1 with NR2 and/or NR3 subunits; in neurons, these combinations may exit
the ER and traffic to the plasma membrane. For example, in CA1 pyramidal neurons
in mice with NR1 deletions restricted to the hippocampal CAl region, an aggrega-
tion of NR2 subunits in intracisternal granules of the ER!® was noted. This supports
other studies that show that NR2 subunits are retained in the ER in the absence of
NR1.”

In expression studies in heterologous cells, homomeric NR3A complexes and
NR2A/NR3A complexes are retained in the ER; only heteromeric complexes that
contain NR1 can reach cell surfaces (they used the NR1-1a variant, which is retained
in the ER when transfected singly in heterologous cells).?® NR3B interactions with
other NMDAR subunits are probably similar.!” Thus, although lone subunits can mani-
fest effective ER retention mechanisms, these mechanisms somehow are suppressed
or overridden when subunits combine in proper heteromeric complexes. Presumably,
retention signals may be masked and/or exit signals may be enhanced due to sustained
conformational changes that occur with quaternary folding of the complex.

One potential exit signal for NR1/NR2 complexes is the HLFY motif found
in the proximal C terminal region immediately following the last transmembrane
domain of the NR2 subunit. This motif mediates exit of assembled NMDARs from
the ER.° Even if this motif is mutated, NR1 and NR2 subunits still assemble into
functional complexes in the ER, although they cannot exit. Yang et al.?! demon-
strated that the HLFY motif is not necessary for ER exit; surface expression occurs
even when the motif is replaced by alanines as long as the remainder of the C termi-
nus is absent. Perhaps HLFY provides only a structural role to ensure proper orienta-
tion of the C terminus, rather than serving as an export motif involved in overriding
ER retention.

8.2.2 TrANSPORT IN THE GOLGI, TRANS-GOLGI NETWORK AND DENDRITES

When NMDAR-containing complexes exit the ER, they are modified in the Golgi
apparatus and then sorted in the trans-Golgi network (TGN) where they are pack-
aged into different kinds of vesicular or tubulovesicular carriers (Figure 8.1). From
there, NMDARs may be transported directly to plasma membranes or may enter
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FIGURE 8.1 Trafficking of NMDARSs from Golgi/TGN to synapse (top) with correspond-
ing EM figures (bottom; a—d matches a—d in diagram). Newly synthesized NMDARs and
AMPARs are sequestered in carriers that traffic from Golgi/TGN and originate as clath-
rin-coated vesicles (CCVs) or non-coated carriers (vesicles or large tubulovesicular carriers).
Some selective separation of NMDARs and AMPARSs may occur at this point (a). These car-
riers may fuse directly with plasma membranes or sorting endosomes (where they may mix
with recycling receptors) for further selective processing (b). Carriers originating from TGN
or endosomes travel on microtubule pathways (thick line) in dendrites and then along actin
pathways (thin line) into the spine (c). These receptors are also present in extrasynaptic areas
of plasma membranes and may traffic along the membranes. Ultimately, receptors targeted
for degradation are sequestered in vesicles inside late endosome and multivesicular bodies
(MVBs; d). The EM examples are double immunogold labeled sections of the CA1 stratum
pyramidale/radiatum area of the hippocampus, labeled for NR1 (5 nm gold in a and ¢ and
10 nm gold in b and d) and AMPARSs (10 nm gold in a and ¢ and 5 nm gold in b and d). NR1
labeling (arrowheads) is associated with CCVs at the TGN in micrograph a and in sorting
endosomes in b. AMPARs (asterisks) are associated with a large, tubulovesicular organelle
near the TGN in a and probably a smaller vesiculate structure in b. Pre = presynaptic termi-
nal. Scale bar = 100 nm.
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endosomes. Transport of NMDAR-containing carrier structures occurs via kine-
sin motor proteins on polarized microtubules. Nascent NMDARs that reach endo-
somes may mix with NMDARs recycled from the surface, and additional sorting
occurs here as in the TGN. Eventually, NMDARs reach the surfaces of neurons;
the final stage probably involves myosin motors that move along actin filaments.
Nascent NMDARSs may first enter the extrasynaptic membranes and then proceed
to synapses, although they also may enter the postsynaptic membrane directly (see
Section 8.2.3.1).

For NMDARSs and neuronal proteins in general, many of these trafficking steps
are not clear. Studies in young cortical neuron cultures elucidated some of the inter-
mediate steps in trafficking, but many steps remain poorly understood.?>>* Both
NMDARs and AMPARs travel via mobile transport packets (various vesicular or
tubulovesicular structures) in neurons before and during synaptogenesis. Typically
mobile NMDAR clusters lack AMPARs and move rapidly as compared to those
that contain AMPARSs but lack NMDARs. At least two kinds of carrier vesicles or
tubulovesicular organelles probably exist and one may be specialized for rapid traf-
ficking of NMDAREs. In these young cortical neurons, prior to synapse formation,
NMDARs travel along dendrites and go through cycles of exocytosis to (dependent
on SNARE protein SNAP-23) and endocytosis from dendrite surfaces.?* Transport
in the dendrites is via large tubulovesicular organelles that move along microtu-
bules and contain the early endosomal antigen 1 (EEA1) marker. While this dis-
tinctive sequential cycling of nascent NMDARs to and from the surfaces occurs
specifically for a presynapse stage, it has not been demonstrated for trafficking of
nascent NMDARs following synapse formation or in adults. Many of these find-
ings are supported by preliminary immunogold studies in the developing and adult
hippocampus.?3-26

These studies indicate that selective cargo sorting of NMDARs and AMPARSs
occurs at the TGN and perhaps also at endosomes. In fact, some recycling endo-
somes contain AMPARSs along with their associated PDZ proteins, GRIP and PICK,
but no NMDARs.?’ Little evidence indicates that NR2A-containing NMDARS sort
differently from NR2B-containing NMDARs at the TGN. Comparisons of binding
of NR2A and NR2B C termini with adaptor proteins that may be involved in this
transport show only minor differences between the two NR2 subunits.?® The adaptor
subunits that bind to NR2 subunits include pul, u3a, and p4, and are found in adap-
tor proteins AP-1, AP-3, and AP-4, respectively.”® Both ul and p3a are involved in
clathrin-mediated cargo selection and transport from the TGN and endosomes; u4
is involved in similar functions at the TGN, but clathrin is not involved. NR2A and
NR2B C termini bind strongly and equally to ul and u4, while they bind relatively
weakly to u3o. Binding of p3a is more prevalent for NR2B than for NR2A, suggest-
ing sorting differences.

Trafficking of NMDARSs to cell surfaces and then to synapses employs a large
complex of proteins.’®3! One protein of the complex is synapse-associated protein
102 (SAP102), a common membrane-associated guanylate kinase (MAGUK; see
Section 8.2.3.3.1) well known for its association with major NMDARs of the early
postnatal forebrain NR1/NR2B complexes. NMDARs travel in dendrites in large
tubulovesicular organelles, probably early endosomes, containing SAP102.2* Sans
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et al.3%3! showed that NMDARs are carried on membranes of transport vesicles
or tubulovesicular carriers in which the NMDAR is bound to SAP102 (or other
MAGUKSs) that in turn binds the exocyst component Sec8. SAP102 also binds
mPins (mammalian homologue of Drosophila melanogaster partner of inscute-
able) that binds to the G protein subunit, Go;. Thus mPins and Go;, may exist as a
complex with SAP102 and NR2B and influence NMDAR trafficking.3*3! Binding
of mPins to Go, may mediate G protein signaling by inhibiting binding of Go; to
Gpy (other G-protein subunits) and thus enhancing GPy signaling. This complex
of proteins consisting of NR1, NR2B, SAP102, Sec8, mPins, and perhaps also
Go; may form in early stages of the secretory pathway such as in the ER, Golgi,
or TGN.

The exocyst or Sec6/8 complex consists of eight proteins and has been studied
in both yeast and mammalian cells. It may direct intracellular membrane vesicles
to their sites of fusion with plasma membranes. Both Sec8 and the NR2 subunits of
NMDARs bind to the same region of SAP102, primarily the first and second PDZ
domains.’® A dominant-negative form of Sec8 that lacks a PDZ-binding domain
may be used to block the interaction of Sec8 with SAP102; this prevents delivery
of NMDAREs to the cell surface. Thus, surface delivery of NMDARSs requires both
SAP102 and Sec8. However, when the PDZ-binding domain of the NR2B subunit
is deleted, this NMDAR can be delivered to the cell surface by a mechanism inde-
pendent of the exocyst and MAGUKSs, although these mutated NR2B-containing
NMDARs cannot enter synapses.’3? At least for NR2B-containing NMDARs,
such a phenomenon may allow extrasynaptic NMDARs to be sorted independently
from synaptic NMDARs, possibly requiring a MAGUK association for entry into
synapses.

mPins is the mammalian form of Drosophila Pins that plays arole in cell polarity
and cell division. It interacts with the Src-homology-3 (SH3)—guanylate kinase (GK)
domains of SAP102, and the interaction influences NMDAR trafficking in neurons.
Expression of dominant-negative constructs of mPins in hippocampal neurons in
culture decreases native SAP102 in dendrites. For transfected NR2B constructs, the
dominant-negative constructs and short interfering RNA (siRNA)-mediated knock-
down of mPins reduce the density of surface NMDAR puncta and the intensity of
staining per labeled surface punctum. Thus, the mPins—SAP102 complex may pro-
mote efficient targeting of NMDARs to cell surfaces. SAP102 and mPins probably
bind together in a closed or inactive state; this complex then may be opened via
binding of NMDAR:s. Interaction of Go; with mPins in this complex also may help
stabilize the complex, allowing it to be properly folded and thus to reach the cell
surface.

Trafficking of the complex containing NR1, NR2B, SAP102, Sec8, and mPins
likely associates with kinesin motors to travel along microtubules in dendrites.?
NR2B can bind to a complex of other proteins (mLin-7, mLin-2, mLin-10) linking
the NMDAR to the kinesin KIF17.3+35 This complex then mediates the transport
of the NMDAR bound in the membrane of the carrier vesicle or tubulovesicular
organelle along the dendrite. Knockdown or blockage of KIF17 impairs the expres-
sion (as determined by Western blot) and synaptic localization of NR2B, and is
followed by a corresponding increase in NR2A at synapses. Thus, replacement of
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NR2B- with NR2A-containing receptors may be subject to reciprocal control with
NR2A-containing receptors replacing NR2B-containing ones at the synapse.

Presumably, this involves a different mechanism of transport for NR2A than
for NR2B. However, it seems unlikely that such a large complex may be joined to
the complex of NR1, NR2B, SAP102, Sec8, and mPins to mediate transport of all
NMDARs. This suggests more direct links between motors and the latter complex.
Another kinesin known as KIFIBa is associated with several MAGUKSs including
PSD-95 and SAP97 and the related S-SCAM protein. Its role in NMDAR transport
is unknown.’ KIF1Ba may be a good candidate for motor movement of the com-
plex containing NR1, NR2B, SAP102, Sec8, and mPins because of its direct asso-
ciation with NMDAR-binding MAGUKSs. As noted above Section 8.2.2, NMDARs
traveling via kinesins on microtubule tracks may switch to myosin motors on actin
filaments for final transport to cell surfaces®” and transports within postsynaptic
spines.’® NMDARs also are regulated by myosin light chain kinase, probably indi-
rectly via effects on actomyosin,*® and directly interact with myosin regulatory light
chains.*0

Interestingly, while PSD-95 and PSD-93 appear to be mainly postsynaptic, both
SAP97 and SAP102 are found in both pre- and postsynaptic structures. This is based
on several studies™ - and the authors’ unpublished data. Furthermore, chimeras
of PSD-95 containing SAP102 N termini can traffic to both dendrites and axons,
thus imitating the distribution of SAP102.#2 This suggests that NMDAR trafficking
may be controlled to an extent by the selection of different associated MAGUKs.
This may be related to the developmental switch in MAGUKSs (mainly SAP102 to
PSD-95/PSD-93) associated with the switch in NR2 subunits (NR2B to NR2A), as
noted in Section 8.2.3.3.4. Also, NR2B may be one of the major presynaptic NMDAR
subunits (Section 8.2.3.5). This may also relate to the association of SAP102 and
NR2B-containing NMDARs.

Typically, nascent NMDARs traffic to synapses by traveling from ER export
sites, through the Golgi/TGN, and into carriers, beginning typically in cell bod-
ies, then continuing along the dendrites and then to the synapses. However, some
NMDARSs may be released from ER export sites within dendrites*** or even synthe-
sized locally near synapses from mRNAs transported from cell bodies.*® Perforant
path transection induces trafficking of NRI mRNA into the dendrites of dentate
gyrus granule cells, probably in response to increased terminal proliferation and
sprouting.*’ Substantial evidence indicates that some cytoplasmic proteins associ-
ated with NMDAR function such as CaMKII or Arc may be synthesized locally to
achieve more precise control at individual synapses.*¢

8.2.3 TRAFFICKING TO AND FROM SYNAPSES
8.2.3.1 Exocytosis and Lateral Movement

Exocytosis of glutamate receptors, including NMDARS, occurs at or near synapses.
The exact locations are not clear.®® Pit-like structures labeled for AMPARs and lacking
evident clathrin coats are seen often on the sides of spines in adults.?>#3 They resem-
ble noncoated pits described in structural studies® of what may be exocytotic or non-
coated endocytotic sites. Preliminary data indicate that SNARE, synapse-associated
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protein 23 (SNAP-23), is concentrated in these areas, suggesting that these are sites of
exocytosis or contain lipid rafts or caveoli involved in receptor regulation.>->*

While these sites of possible exocytosis may be specific for AMPARs,> our
preliminary studies indicate that vesicles and pits labeled with immunogold for
AMPARs and NMDARs are also in the perisynaptic regions at the sides of PSDs
and possibly within PSDs.?>26:36 Newly exocytosed NMDARs initially may form
extrasynaptic clusters,’” or may be incorporated more directly into synapses, pre-
sumably via actin/myosin-mediated transport (Section 8.2.2 discusses actin and
myosin).>> NMDARs do not need to enter synapses directly since they are very
mobile in surface membranes.’-%° Changes in neuronal activity modify AMPAR
mobility but not NMDAR mobility, although activation of PKC modifies mobility
for both.>*60

Studies of lateral movements and mobility between synapses and extrasynaptic
sites are problematic due to technical constraints. All these studies utilized light
microscope techniques to track single molecule movements on cell surfaces and are
thus subject to limitations in accuracy of delineation of synaptic versus extrasyn-
aptic localizations. Such problems can be resolved with electron microscope (EM)
analysis. The authors used EM to examine extrasynaptic localization of AMPARs*
and NMDARs (unpublished data) in neurons. However, EM studies may present
problems in localization of labels due to “bleeding” of DAB or the relatively large
sizes of the gold particles that may have difficulty entering synaptic clefts, as noted
for quantum dots in the light microscope studies cited above. Of course, EM studies
do not allow for live imaging as light microscope studies do.

8.2.3.2 Extrasynaptic NMDA Receptors

Typically, extrasynaptic NMDARs in the vicinities of mature synapses tend to be
mainly NR2B-containing receptors. The synapses mainly have NR2A-containing
NMDARSs.26162 The compositions of synaptic NMDARS vary throughout the brain.
Thus, cerebellar granule cells lose all their NR2B by later stages of postnatal matu-
ration; adults have NR2A and NR2C. In these cells, even the extrasynaptic NR2B-
containing NMDARs must eventually be replaced by other kinds of NMDARs.63:64
Generally, NR2A expression increases during development and/or activity, and
NR2B-containing NMDARSs tend to be more readily removed from synapses than
NR2A-containing NMDARs.62:6>

NR2B-containing NMDARSs appear to be more mobile than NR2A-containing
NMDARSs.% NR2A-containing NMDARs also show preferential binding to
PSD-95 that may further limit their internalization from synapses.®? Neverthe-
less, some NR2B still is found in synapses in adults,®” as NR1/NR2B or NR1/
NR2A/NR2B. These findings are supported by functional studies of develop-
ing neurons in vitro.®® Conversely, NR2A-containing NMDARs may be localized
extrasynaptically.6368

Nevertheless, this predominant separation of NMDARSs into synaptic NR2A-
containing and extrasynaptic NR2B-containing receptors in adults must have some
function. Synaptic receptors may be activated by precise release of glutamate at syn-
apses, while extrasynaptic receptors should be activated only after extensive release
of glutamate followed by spillover into extrasynaptic spaces. Thus, extrasynaptic
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NMDARs may be adapted to elicit plastic changes to compensate for synapse
overactivity.

NR2A was proposed to be associated mainly with long-term potentiation (LTP)
and NR2B mainly with long-term depression (LTD)%7° although some studies show
that both may induce LTP.”"7? Results for NR2A are not clear due to problems in
specificity of the antagonists used in these studies. Interestingly, in rat olfactory bulb
granule cells, activation of extrasynaptic NMDARSs generates inhibitory currents via
BK-type calcium-activated potassium channels.”> Also, synaptic and extrasynaptic
NMDARs can mediate opposite long-term changes in neuronal gene expression, prob-
ably due to differences in their local associated signaling complexes.”*-7® The signaling
pathways of synaptic NMDARs selectively activate a regulatory cascade involving
Ras, ERK, and CREB (cAMP-responsive element-binding protein), while the path-
ways of extrasynaptic NMDARs inactivate them. Thus, synaptic NMDARSs promote
CREB activation and induction of BDNF gene expression, while extrasynaptic ones
shut off CREB and inhibit BDNF gene expression.™

Activation of synaptic NMDARs may upregulate pro-survival genes and down-
regulate pro-death genes, while activation of extrasynaptic NMDARSs does the exact
opposite.”>’ Activation of extrasynaptic NMDARs by glutamate spillover at cer-
ebellar parallel fiber stellate cell synapses induces the switch from GluR2-lacking
calcium-permeable AMPARSs to GluR2-containing calcium-impermeable ones. This
requires activation of protein kinase C (PKC).”7 An extreme case involves the syn-
apses of retinal ganglion cells in which most NMDARSs are extrasynaptic; indeed,
mEPSCs are mediated solely by AMPARs.”® Finally, a more general function of
extrasynaptic NMDARs is formation of a mobile reserve pool of receptors for inter-
change with those in synapses (see Section 8.2.3.1).%° Organization of extrasynaptic
NMDAREs is not well understood but may involve associations with other proteins
that affect NMDAR trafficking, as indicated in preliminary studies of GIPC (see
Section 8.2.3.6).79-81

8.2.3.3 Synaptic Localization

In the PSD—an electron-dense structure that lies along the postsynaptic mem-
brane—NMDARs are associated directly or indirectly with a dense network of pro-
teins.'*82383 One prevalent group in the PSD is the MAGUK family that includes
PSD-95, PSD-93, SAP97, and SAP102.8* NMDARSs also interact directly and indi-
rectly with adhesion molecules that play a role in synapse formation, maturation,
function, and plasticity.®® Interactions with actin-associated proteins are important
for proper trafficking, anchoring, and stabilization of NMDARs and PSD compo-
nents in the spine. This protein complex in the PSD has a role in normal synaptic
neurotransmission and synaptic plasticity, and its disruption may contribute to syn-
aptic dysfunction and even cell death.

8.2.3.3.1 PDZ Domain Proteins That Interact with NMDA Receptors

The MAGUKSs are among the most abundant components of PSDs.® The PSD-95
family composed of PSD-95, PSD-93, SAP97, and SAP102, has three PDZ domains,
an SH3 domain, and a GK domain. Other large, PDZ domain-containing scaf-
folding molecules including synaptic scaffolding molecules (S-SCAM)3¢ and
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channel-interacting PDZ domain protein (CIPP) were reported to associate similarly
with NMDARs.%

The PSD-95-related MAGUKSs are abundant at glutamatergic synapses although
the types vary with age (Section 8.2.3.3.4), suggesting that they play important roles
at synapses. Two proposed functions include (1) anchoring and clustering NMDARSs
at synapses and (2) serving as large scaffolding molecules that link proteins and
signaling molecules in and around the PSD (see Section 8.2.3.3.2).1432.88 MAGUKSs
can bind directly to NMDARSs via interaction of the MAGUK PDZ domains with
the PDZ-binding domains located at the extreme C termini of the NR2 subunits
and the NR1 isoforms containing C2’ alternatively spliced cassettes.!!1482.88 Interest-
ingly, NMDARs are less affected by changes in MAGUK expression than AMPARs.
Knock-down of PSD-95 by small hairpin RNA (shRNA) produces no change in
NMDARs with decreases in AMPARSs?® or leads to a moderate reduction in NMDA
EPSCs.%

While NMDARs can bind to MAGUKSs, the significance of this interaction for
synapses, especially mature synapses, is unclear. Animal model studies have shown
that the NR2 C terminus is required for synaptic localization of NMDARs.*2 The
entire C terminus was deleted, and the reported effects may be attributed to loss of
components of the C terminus other than the PDZ-binding domain. The role of the
MAGUKSs, particularly SAP102, in the trafficking of NR2B-containing receptors, is
better established (Section 8.2.2).30

Binding of NR2B to SAP102 or PSD-95 is required for synaptic localization of
NR2B-containing NMDARs (Sections 8.2.2 and 8.2.3.2).3%% Transfection studies of
wild-type and mutant NMDAR subunits demonstrated that NR2B-containing recep-
tors depend on the PDZ-binding domain for entry and/or retention at synapses.”
This interaction may be regulated by phosphorylation of residues within the PDZ-
binding domain of NR2B by casein kinase II (CK?2) in an activity-dependent manner
(see Section 8.2.3.4.4).94

The role of the direct association of MAGUKSs with NR2A in trafficking, par-
ticularly in more mature synapses, has not been clearly established. In contrast to
NR2B, NR2A-containing receptors do not require the PDZ-binding domain for
entry and/or retention at synapses.®9395 Qverexpression of PSD-95 in hippocampal
neurons does not affect synaptic clustering or functioning of NMDARSs%%7 or change
NMDAR EPSCs in hippocampal slices.”” In contrast, overexpression of PSD-95 in
cerebellar granule cells promotes the synaptic insertion of NR2A-containing recep-
tors, produces faster NMDAR EPSCs, and appears to favor the changeover from
NR2B to NR2A generally seen during maturation.”® The discrepancies among stud-
ies may arise from higher expression of PSD-95 in the hippocampus compared to the
cerebellum at the ages studied.”®

The significance of the MAGUKSs as related to NMDAR function has been inves-
tigated in transgenic animals.! PSD-95 and PSD-93 and SAP102!°! knockout mice
exhibited no significant losses of synaptic NMDARs. However, mice lacking both
PSD-95 and SAP102 are not viable.!”! Double knockdowns of PSD-95 and PSD-93
resulted in reductions in NMDAR-mediated currents.® These results indicate that
compensatory mechanisms may stabilize NMDARs at synapses and make analysis
of MAGUK function more challenging.
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SAP102 expression is elevated in PSD-95 mutant mice, and more PSD-95 co-
immunoprecipitates with NR1 in SAP102 knockout mice.'”' This further supports
the view that MAGUK proteins act in a compensatory manner. NMDAR localiza-
tion at synapses in PSD-95 mutant mice is not affected, but these mice have impaired
spatial learning and show enhanced LTP at different frequencies of synaptic acti-
vation than those found in normal mice. These results support the proposed role
of PSD-95 as an anchor bringing certain molecules in close proximity to facilitate
particular mechanisms of plasticity.

A role for PSD-95 in LTP is supported by PSD-95-overexpression studies in
which the ability to generate LTP is occluded and induction of LTD is enhanced.!??
As noted, the effects of overexpression of PSD-95 on NMDARs are less conclusive
and therefore may arise from changes in AMPARs. Single knockout of SAP102
results in impaired spatial learning memory, altered LTP, and altered MAP kinase-
mediated signaling.!”! Mice lacking PSD-93 show impairments in some systems but
not in others, possibly due to compensation by other MAGUKSs. In cerebellar Pur-
kinje cells, in which the only definitive PSD-95-related MAGUK is PSD-93, PSD-93
knockout did not affect the development or function of parallel fiber synapses, Pur-
kinje cells, or cerebellum-dependent behaviors, consistent with the presence of com-
pensatory mechanisms.!%%193 In contrast, in mice lacking PSD-93, surface expression
of NR2A and NR2B was reduced and NMDAR-mediated postsynaptic function was
impaired in spinal dorsal horn and forebrain.!* Interestingly, these mice exhibited
blunted NMDAR-dependent persistent pain.!%*

S-SCAM, a member of the membrane-associated guanylate kinase with inverted
orientation (MAGI) family, links NMDARs to the MAP kinase pathway by bind-
ing to neural GDP/GTP exchange protein for Rapl small G protein (nRAP GEP).!%
S-SCAM (or PSD-95) also binds to membrane-associated guanylate kinase interact-
ing protein (MAGUIN)!% which affects cell polarity.'” Similarly, CIPP may serve
as a scaffolding protein, as it has been shown to bind the Kir 4.0 potassium channels,
neuregulin, neurexins, NMDARSs,*” serotonin 5-HT,, receptor,'”® and acid-sensing
ion channel 3 (ASIC3).1 CIPP has a limited distribution that resembles that of
NR2C and NR2D; it is abundant only in the thalamus, colliculus, cerebellum, and
brain stem.%

8.2.3.3.2 NMDA Receptors and MAGUK-Associated Proteins of the PSD
While the role of a direct association between PSD-95 with NR2A in mature syn-
apses has yet to be determined, it is likely that PSD-95 is a major component of
the scaffold of interlinked proteins that comprise the PSD. This protein complex
includes kinases, GTPase activators and inhibitors, and cytoskeleton-associated pro-
teins (CAPs) that link the surface receptors and cytoplasmic proteins.

MAGUKSs bring NMDARESs into contact with signaling molecules such as neuronal
nitric oxide synthase (nNOS), which can mediate NMDAR-induced excitotoxicity!!?
and synaptic Ras-GTPase-activating protein (SynGAP) which couples NMDARs to
the MAP kinase pathway.'! PSD-95 can bind nNOS via its PDZ2 domain and the
NMDAR via its PDZ1 domain; calcium influx through the NMDAR can thus lead to
specific activation of nNOS and the production of NO that may modulate NMDAR
signaling and underlie neuronal excitotoxicity.'!°
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Several proteins associated with the MAP kinase pathway bind to PDZ domains
of scaffolding proteins in NMDAR-containing complexes. SynGAP binds to
PSD-95,!11112 nRap GEP binds to S-SCAM, ! and MAGUIN binds to both PSD-95
and S-SCAM.!% SynGAP maintains a low steady-state level of active Ras near
synapses by catalyzing the hydrolysis of Ras-GTP to Ras-GDP. Calcium entry via
NMDARs can activate CaMKII, which phosphorylates and thus inactivates Syn-
GAP.'2 As a result of SynGAP inactivation, Ras-GTP accumulates and increases
activation of the MAP kinase cascade associated with LTP.!!?

A proposed alternative model indicates that SynGAP may affect synaptic func-
tion through the following chain of interacting proteins: SynGAP—PDZ domain
protein>MUPP1—-CaMKII-NMDAR."*  NMDAR-mediated calcium influx
causes dissociation of CaMKII from this complex, leading to dephosphorylation of
SynGAP, inactivation of Rap, decreased p38 MAP kinase activity, and subsequent
AMPAR removal from synapses.'3

SynGAP is selectively associated with NR2B-containing NMDARs,!* and its
expression is high at excitatory synapses in the hippocampus at postnatal day (P) 2,
when most NMDARSs contain NR2B (see Section 8.2.3.3.4).5 The SynGAP-NR2B
association couples NR2B to inhibition of the Ras-ERK pathway that may underlie
the removal of AMPARSs from synapses, causing a weakening of synaptic transmis-
sion.'"* Interestingly, NR2A-containing NMDARs have the opposite effect: activat-
ing the Ras-ERK pathway and promoting surface delivery of GluR1."'* Consistent
with these findings, synaptic NMDARs activate ERK while extrasynaptic NMDARs
inactivate it (see Section 8.2.3.2).

In addition to tethering NMDARs with signaling proteins, MAGUKSs bring
NMDARs in contact with regulatory proteins. For example, Fyn association with
MAGUKSs enhances Fyn phosphorylation at NR2B Tyr-1472, disrupting the inter-
action of NR2B with AP-2, which ultimately inhibits internalization of NR2B-
containing NMDARs (see Section 8.2.3.6).°>!15 Also, a PSD-95 molecule in close
proximity to an NR2A-containing NMDAR can regulate phosphorylation of NR2A
via Fyn, Src, and other kinases, regulating receptor function and/or trafficking.
Selective localization of NR2A-containing NMDARSs at synapses, in the absence of
direct NR2A-MAGUK binding (assuming diheteromeric NR1/NR2A complexes''®)
may rely on other proteins that can bind to the NMDAR such as adhesion factors
that bind to NR1 (see Section 8.2.3.3.3) and CaMKII (see Section 8.2.3.4.1).117:118
CaMKII, like the MAGUKS, is one of the most abundant proteins of and interacts
with multiple components of the PSD.

The scaffold created by PDZ-containing proteins can link NMDARs to other glu-
tamate receptors and ion channels. Thus, guanylate kinase-associated protein (GKAP)
binds to the GK domains of MAGUKs and S-SCAM.!"” GKAP binds to Shank that
binds to Homer dimers that may be associated with perisynaptic metabotropic gluta-
mate receptors and TRPC cation channels.?¥67120 Shank is a multifaceted scaffolding
protein; it can bind through Homer dimers to inositol 1,4,5-triphosphate (IP3) receptors
in smooth ER cisternae that extend into the spine, directly to metabotropic and delta
glutamate receptors, and indirectly to AMPARS via the PDZ protein GRIP.!?122

Proteins also link NMDARs and AMPARs to MAGUKSs, including PSD-95,
which links to AMPARs via TARP members such as stargazin.'?3'2* However,
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coimmunoprecipitation does not reveal evidence of an NMDAR-AMPAR associa-
tion.” Additional possible links of AMPARs and NMDARs occur via CaMKII and
an assembly of AMPAR-associated proteins, including SAP97 (binds to GluR1),
4.1N protein, actinin, and actin.!"?

NMDAR complexes are linked to the actin cytoskeleton of the synaptic spine.
Actin filaments form pathways for transport in the spine to and from the postsynaptic
membrane and are responsible for the structural integrity of the postsynaptic spine.
At least four such types of connections exist: NMDARs—actinin—actin,'”> GKAP-
Shank—cortactin—actin, PSD-95-SPAR—-actin, and PSD-95—citron.!2¢-128 SPAR is
one of the Rap-specific GTPase-activating proteins (GAPs) implicated in regulation
of MAP kinase cascades, cell adhesion, and activation of integrins.!? It binds to the
GK domain of PSD-95 and regulates spine morphology via direct interaction with
F-actin and possibly also via Rap signaling.'?®

Citron is a target of Rho, which can regulate actin cytoskeleton organization. Cit-
ron is limited in distribution to certain specialized neurons and may mediate forms
of NMDAR-dependent synaptic plasticity in these neurons. NMDARSs can also asso-
ciate with oll-chimerin, an inhibitor of Racl,'* that may indirectly regulate actin in
spines. Thus, after the binding of ol-chimerin to the NR2A subunit, oll-chimerin
inactivates local Racl (Rho GTPase family member) via its GAP domain. Racl can
promote actin polymerization, increase dendrite arbor complexity, and stimulate
spine formation.’® These interactions suggest a mechanism for NMDAR activity
to control overall spine structure (see Section 8.2.3.3.4). Although actin—protein
associations play important roles in synaptic structure and function, anchoring of
NMDAR-PSD-95 complexes at synapses is only partially dependent on actin, indi-
cating that an actin-independent component also is involved in NMDAR synaptic
localization.!3!

8.2.3.3.3 Adhesion Proteins Associated with NMDA Receptors

A number of adhesion proteins are localized to the pre- and postsynaptic mem-
branes and regulate NMDAR-containing complexes. NMDARSs interact directly
and indirectly with these proteins, including some that act transsynaptically to link
NMDARSs to presynaptic terminals. Adhesion molecules play a role in the formation,
maturation, function, and plasticity of synapses.?> Similar to PDZ proteins, one of
their functions may be clustering NMDARs at synapses. Recent evidence suggests
that PDZ proteins and adhesion molecules work together,!3>133 perhaps in a compen-
satory manner.

Relatively few of these adhesion proteins bind directly to NMDARs. The Eph fam-
ily of receptor tyrosine kinases may function like adhesion factors at synapses,'3* with
presynaptic ephrin-B binding to postsynaptic EphB receptors. This may promote a
direct interaction of EphB receptors with the extracellular domains of NR1 subunits,'*
enhancing NMDAR-mediated synaptic function.3¢137 Activated EphB receptors func-
tion as tyrosine kinases and may also indirectly potentiate NMDAR-mediated calcium
influx.13® Activated EphB2 may also modulate NMDAR calcium fluxes by linking
NMDARS to tyrosine kinases such as Src and Fyn that bind to Eph receptors. These
calcium fluxes may control the Rho-family GEFs (kalirin 7 and Tiam) that activate
Rac—a regulator of actin polymerization and subsequent dendrite arborization.!3%-14!
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Activated EphB2 leads to synapse formation.!®® EphBs 1 through 3 are critical for the
formation of the PSD and dendritic spines.'*

A family of synaptic adhesion-like molecules (SALMs) was recently discovered on
the basis of its interactions with MAGUKSs.!#314* Of the five members, SALMs 1 through
3 have PDZ-binding domains. SALMI has been shown to bind to PSD-95, SAP102, and
SAPY97, serving as a mechanism of indirectly linking SALMs to NMDARs at syn-
apses.*3-146 SAT. M1 can also bind directly to the extracellular domains of NR1 sub-
units when expressed in heterologous cells.'** Although no presynaptic ligand has yet
been found, SALM1 and SALM?2 can induce synapse formation and neurite outgrowth.
SALMI has been shown to enhance surface expression of transfected NR2A 143144

Other families of transsynaptic adhesion molecules may indirectly connect to
NMDAR-containing complexes and act to affect synaptic NMDARSs (see Section
8.2.3.3.4).%° Presynaptic neurexin that is bound to PDZ domain-containing proteins in
presynaptic terminals binds to postsynaptic neuroligin that interacts with a PDZ domain
of PSD-95.67:147148 Neuroligin localization at synapses may help recruit NMDARS to
synapses and determine whether developing synapses become excitatory or inhibi-
tory.6”147-14 Neuroligin binds to the PDZ domains of S-SCAM.% The PDZ domains
of CIPP can bind to both neuroligins and neurexins,?” providing other mechanisms by
which neuroligin and neurexin may be localized to synapses.

Both cadherins and catenins are associated with the NMDAR-containing com-
plex.5%151 Homophilic interactions between pre- and postsynaptic cadherins induce
interactions with postsynaptic B-catenin that can bind directly to the S-SCAM PDZ
scaffold and may control its synaptic targeting.®¢ Stability of the synaptic contact
may be regulated directly by association, as dimerization of cadherins is associ-
ated with NMDAR activation."”! NMDARs and associated PSD-95 also are found
in cadherin-based attachment plaques in cerebellar glomeruli.'>> Thus, glutamate
spillover from adjacent synapses in the glomerulus may control the overall stability
of the glomerulus.

Adhesion proteins of the LI/NrCAM and NCAM families also are linked to
NMDAR-containing synapses.”” NCAM mediates synaptic plasticity'>* and modulates
neuronal positioning and dendritic orientation.’* In the hippocampus, NCAMI180
found in the central region of the PSD associates with NR2A-containing NMDARs
and undergoes distribution changes following LTP.!3 NrCAM is found on both the
pre- and postsynaptic sides of glutamatergic synapses®’ and can link directly to
SAPI02 via its PDZ-binding domain.!* This suggests that NrCAM may be associ-
ated with the NMDAR-containing complex at the PSD, and like neuroligin, may help
link NMDARSs to presynaptic components of synapses.

Integrins mediate the developmental switch from NR2B-containing receptors to
NR2A-containing receptors at synapses'’ and potentiate NMDAR-mediated currents
by activating Src tyrosine kinases.!%1% Tyrosine receptor kinase B (TrkB) is found at
glutamatergic synapses and may act as an adhesion factor across the synaptic cleft via
homophilic binding of two TrkB molecules linked by a dimer of their ligand, brain-
derived neurotrophic factor (BDNF).5” TrkB may control expression and function of
NMDARs.!10:16! Tn visual cortical neurons of young mice, NMDAR activation may
activate BDNF-TrkB signaling to recruit more PSD-95 to synapses and thus promote
the AMPAR-mediated increase in synaptic current.!6?
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8.2.3.3.4 Developmental Changes in NMDA Receptors
and Associated Proteins in PSD

During embryonic development and early into postnatal development, NMDARs
containing mainly NR1, NR2B, NR2D, and NR3A are present throughout the brain.
NR2B, NR2D, and NR3A decrease during maturation, while NR2A and/or NR2C
become more abundant in maturing brains.>%193-16 The relative levels of NR1 iso-
forms also change with age.!” These changes have been best studied in the forebrain
and cerebellum, and exceptions occur in other areas.

Immunoblot analyses and ultrastructural immunogold studies examined post-
natal development in the CAl region of the hippocampus.”¢’ Synaptic labeling for
NR2B is highest at P2 and decreases gradually to approximately half by P35. Stud-
ies examining NR2A mRNA levels in mice reported that NR2A signals are first
detected in the CA1 region of the hippocampus at P1, followed by a substantial
increase throughout the brain over the next 2 postnatal weeks.> Similarly, immuno-
gold labeling for NR2A at synapses is present but very low at P2; about 12 times as
much is present by P35.7:¢7

Another major switch in NR2 subunit expression occurs in cerebellar granule
cells in which NR2C replaces NR2B. After the granule cells complete migration
and are innervated by mossy fibers, they downregulate NR2B and begin to express
NR2C.'%® NR2A is present during this period.®*%* Neuregulin secreted by mossy
fiber terminals can interact with ErbB2 and ErbB4 receptors on granule cells, induc-
ing NR2C expression, perhaps via an indirect structural link of neuregulin and
NMDARsS. 169170

Arguably, the most studied developmental change in NMDARs is the switch
from NR2B-containing NMDARs to NR2A-containing NMDARs noted dur-
ing maturation of excitatory synapses (Figure 8.2). This switch was visualized in
ultrastructural studies in the thalamus and cerebral cortex®!"! and hippocampus.®’
The turnover from NR2B-containing to NR2A-containing NMDARs has been tied
to learning experiences® such as visual exposure during postnatal development'’?
and rule learning for odor discrimination in adults.'” In cerebellar granule cells, a
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FIGURE 8.2 Patterns of developmental expression of NR2A and NR2B in same homog-
enates from postnatal (P) days 2, 10, 35, and 6-mo rat hippocampus analyzed by SDS-PAGE
and immunoblotting with affinity-purified antibodies. Histogram shows relative amount of
protein displayed as percent of that of P35, measured by densitometric scanning. Note how
NR2A and NR2B show opposite patterns of expression through development. (Reprinted
from Sans, N. et al., Neuroscience, 20, 1260, 2000. With permission.)



164 Biology of the NMDA Receptor

similar switch occurs when NR2C replaces NR2B after cell migration and innerva-
tion by mossy fibers,'%® developing in a caudal-to-rostral progression through the
cerebellum.!7

A change of the major MAGUKSs at the synapse from SAP102 to PSD-95 par-
allels this change from NR2B to NR2A.767175 In the adult synapse, NR2A is the
most prevalent form although NR2B is still found; PSD-95 is the prevalent MAGUK
even though SAP102 remains.”6%176 In developing neurons of the visual cortices of
NR2A knockout mice, PSD-95 does not seem to form effective scaffolds for NR1
and NR2B receptors that persist in adults based on a selective loss of spontaneous
NMDAR currents seen in NR2A knockout mice.®" The resulting model suggests
that early synaptic NR2B-containing NMDARs bound to SAP102 are replaced nor-
mally by NR2A-containing NMDARs bound to PSD-95 in the centers of synapses.
Biochemical studies isolating NR1-NR2A and NR1-NR2B diheteromeric receptors
indicate no preference for NR2B with SAP102 and NR2A with PSD-95 in adult
hippocampus.''® PSD-93 and SAP97 also increase with development, as seen with
PSD-95.7:43

During glutamatergic synapse development, NMDARs are thought to be absent
from the earliest nascent excitatory synapses and are recruited after other compo-
nents initiate synaptogenesis.®”!717® Adhesion molecules (Section 8.2.3.3.3) are likely
the earliest components of nascent synapses. For example, pre- and postsynaptic
NCAMs,'7%180 presynaptic ephrins, postsynaptic EphB receptors,'3* and neuroligin'#?
are thought to be recruited early in synaptogenesis and may play a major role in syn-
aptogenesis and synapse maturation. Interestingly, the targeting of neuroligin to the
developing synapse is thought to be independent of the postsynaptic anchoring of
neuroligin to PSD-95, suggesting that PSD-95 may be subsequently recruited.

As mentioned in Section 8.2.3.3.3, in visual cortical neurons of young mice,
NMDAR-mediated activation of TrkB results in recruitment of PSD-95 to syn-
apses.!o? In the CA1 stratum radiatum of the hippocampus, immunogold labeling
for catenin shows a preference for the more immature-appearing synaptic contacts,
while in comparison, labeling for NR2B, SAP102, and Homer 1b and c is more prev-
alent on the mature-appearing synapses, again suggesting that adhesion molecules
precede entry of other proteins at early synaptic contacts (Figure 8.3).9

Subsequently, presynaptic components in packets and then postsynaptic
MAGUKs and NMDARs are delivered to developing synapses.'””!8! Discrepancies
have been reported regarding whether synapse formation is initiated by the develop-
ment of pre- or postsynaptic structures. Recruitment of NMDAR clusters has been
reported to precede synaptic vesicle proteins.?? Others indicate that presynaptic dif-
ferentiation precedes PSD-95 recruitment.!”3181.182 In accordance with both proposed
models, mobile postsynaptic transport packets were reportedly recruited to both
nascent and existing presynaptic contacts.'®> PSD-95 was identified as an essential
component of the postsynaptic scaffolding complex because small interfering RNA
(siRNA) knockdown of PSD-95 interfered with postsynaptic scaffold development
and excitatory synapse formation.

After the earliest nascent synapse is formed, other proteins are incorporated into
the developing PSD. Trans-synaptic signaling is important for coordinated devel-
opment of pre- and postsynaptic structures, as seen with SAP97 overexpression



Trafficking and Targeting of NMDA Receptors 165

0.9 2
0.8 ' Catenin 1.8 Homer 1b, ¢

7 1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

Immature Mature 0 Immature Mature
4 1.6
35 sAp102 L4
3 1.2
9.5 ™ Synapse 1
9 ™ Syn.+100 nm 0.8
1.5 0.6
1 0.4
0.5 0.2

# |
0 Immature Mature 0 Immature Mature

FIGURE 8.3 Comparison of immunogold labeling in immature versus mature synaptic con-
tacts at P2 in hippocampus CAl stratum radiatum. Immature synapses lacked a substantial
PSD and had few synaptic vesicles near the active zone.*” No significant change in catenin
labeling was noted. A highly significant increase (P < 0.001) in labeling for NR2B, SAP102,
and Homer 1b, c occurred. The Y axis indicates gold per synapse or per synapse + 100 nm (total
within 100 nm perpendicular to postsynaptic membrane). The synapse category is a subset.
(Reprinted from Petralia, R.S. et al., Mol. Cell Neurosci., 29, 436, 2005. With permission.)

in postsynaptic cultured hippocampal neurons.!® This overexpression results in
increased presynaptic function, active zone size, and presynaptic protein content
that are dependent on adhesion protein activity. Additionally, SAP97 overexpression
recruits a complex of postsynaptic proteins.

Synapse formation, as measured by the presence of a distinctive PSD with mul-
tiple proteins linked directly or indirectly to NMDARs, occurs less than 2 hr after
initial axodendritic contact.””®18! Thus, in the CAl region of the hippocampus at
P2, relatively mature PSDs have been reported and label for many proteins found
in adults.” Additionally, the spatial arrangements of these proteins are similar to
those found in adults, e.g., Shank and Homer antibodies produce distinctive clusters
of labeling below the PSD (in addition to labeling within the PSD) that look similar
in synapses at P2, P10, and P35. This position for Shank and Homer below the PSD
may correspond to their potential roles as central links in a chain, i.e., NMDARs,
MAGUKSs, and GKAP are linked to the deeper Shank and Homer and linked to
other proteins in internal stores and on the perisynaptic membranes surrounding
synapses.

Distinctive differences in the patterns of proteins over development seem to relate
mainly to the developmental switch in NMDARs from NR2B-containing to NR2A-
containing forms.®” The change from SAP102 to PSD-95 at synapses parallels this
change from NR2B to NR2A 717 as mentioned above. At P2, the major GKAP
is the higher molecular weight form (130 kD), while both forms (95 and 130 kD)
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are common in adults.t”'7>176 Note, however, that in adults, NR2B and SAP102
are still fairly common at synapses in the hippocampus, but the overall pattern of
NMDAR-MAGUK-GKAP changes dramatically during maturation. The impor-
tance of these changes is reflected in studies of NR2A knockout mice.®' Their visual
neurons exhibited selective losses of spontaneous NMDAR currents during develop-
ment, presumably because PSD-95 cannot act as an effective scaffold for NR2B-
containing NMDARs, as noted above. However, it is not clear how selective this
NMDAR-MAGUK association may be; at least in adults, NR2A and NR2B appear
to associate equally with SAP102, PSD-95, and PSD-93.116

Another change during synapse maturation is the appearance of CaMKIIo,
which is usually absent from early postnatal synapses,®’ although other forms such as
CaMKIIPB may appear early on.'* NR2B-containing NMDARs bind CaMKII with
higher affinity than do NR2A-containing NMDARs; therefore, the NR2B-to-NR2A
switch may result in a substantial reduction in LTP and may be associated with the
reduced plasticity of glutamatergic synapses of the mature forebrain.”® The increase in
CaMKIIo with maturation may also be related to the switch from NR2B-containing
to NR2A-containing NMDARs. In addition, the adult synapse has higher levels of
AMPARSs.!3 Thus, many proteins appear in the NMDAR-associated complex in early
postnatal and adult brains. The final stage in the maturation of excitatory synapses,
especially those on principal output neurons, is the development of the postsynaptic
spine. In spite of studies indicating that NMDARS play roles in spine formation, mice
with CAl-targeted NR1-knockouts (NR1 is lost gradually, mainly during late postna-
tal development) nevertheless can maintain spines and even may produce new spines
in the adult after environmental enrichment.'®186

8.2.3.4 Activity-Dependent Alterations in NMDA Receptors

NMDARs are modulated by posttranslational modifications such as ubiquitina-
tion, S-nitrosylation, and phosphorylation (see Section 8.2.3.6). Phosphorylation
of NMDARs produces a variety of effects!®” and this indicates the importance of
this mechanism of regulation in NMDAR function and trafficking. Binding of the
kinase directly to the substrate or to an NMDAR-associated protein allows more
selectivity in phosphorylation of the appropriate substrate and adds to the complex
nature of this regulatory mechanism. Additionally, dephosphorylation of NMDARs
by phosphatases has been implicated in downregulation of NMDAR.!8.189 Less is
known about this mechanism of regulation. The discussion of these mechanisms
of regulation will be limited to their role in NMDAR localization and protein
interactions.

8.2.3.4.1 Phosphorylation of NMDA Receptors by CaMKll

NMDAR activation results in calcium entry that, with calmodulin, activates CaM-
KII. CaMKII activation subsequently results in autophosphorylation at Thr-286,
increased CaMKII localization at the PSD, and increased association of CaMKII
with NMDARs.!?-12 Autophosphorylation of CaMKII locks it in a constitutively
active, calmodulin-trapping state that cannot be reversed by phosphatases, and sup-
presses inhibitory autophosphorylation of Thr-305 and -306. This activated form
may subsequently induce autophosphorylation of neighboring CaMKII molecules.!*?
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Thus, through the interaction of CaMKII with NMDARs, activated CaMKII is brought
into close proximity with AMPARs,"71%* enabling it to phosphorylate AMPARs and
mediate LTP.>19519

The subsequent phosphorylation of AMPARs causes synapse potentiation
by inducing synaptic insertion and increasing single-channel conductance of
AMPARS.192193 In summary, CaMKII is recruited to synapses early after potentia-
tion, and through association with NMDARS in a subunit-specific manner, synapses
are potentiated via increased AMPAR synaptic insertion and conductance.

CaMKII binds the NR1, NR2A, and NR2B subunits of NMDARs"2197 with two
binding sites identified in NR2B.!"® CaMKII binding to NR2A and NR2B does not
occur via direct binding of CaMKII to the major phosphorylation sites on NR2A
(Ser-1289)!98 or NR2B (Ser-1303).1° The interaction of CaMKII with NR2B is stron-
ger than with NR2A, and stable complexes of CaMKII-NR1 and CaMKII-NR2B
(but not CaMKII-NR2A) may form,!*° indicating subunit-specific determinations of
CaMKII function. Binding of CaMKII to NR2B does not require autophosphoryla-
tion of Thr-286 on the CaMKII,'7 but stimulation of NMDARS can increase the
association of CaMKII with NR2B.!?

The high affinity CaMKII-NR2B interaction may be crucial for activity-
dependent plasticity.®>?°0 CaMKII can regulate NMDARs as a result of various
downstream effects. For example, in a PSD preparation from hippocampus, CaM-
KII can compete with PSD-95 for binding to NR2A.!%® In hippocampal neurons,
CaMKII regulates the interaction of NR2A with SAP97 by phosphorylating SAP97
at Ser-232 in an NMDAR-dependent manner,?! resulting in increased NR2A surface
expression.2?? CaMKII also regulates the casein kinase 2 phosphorylation (CK2) of
Ser-1480 in the C terminal PDZ-binding domain of NR2B, controlling the binding
of NR2B to SAP102 or PSD-95 at synapses (see Section 8.2.3.4.4).%4

In hippocampal slices potentiated by an experimental LTP protocol, the associ-
ation of CaMKII with NR2A and B increases, as does CaMKII-dependent activity,
and a decrease in association of PSD-95 and NR2A/B is seen.'®® Phosphorylation
of NR2A by PKC at Ser-1416 (with phorbol ester or the t-ACPD metabotropic glu-
tamate receptor-specific agonist) inhibits CaMKII binding and results in the dis-
sociation of the CaMKII-NR2A complex.'®® Activation of PKC can also induce
translocation of CaMKII to synapses in cultured hippocampal neurons and rapid
dispersal of NMDARSs from synapses to extrasynaptic membranes, perhaps down-
regulating synaptic NMDARS.2% Thus, the role of CaMKII in NMDAR regula-
tion is complex and varied, allowing for subunit-specific effects along with broader
PSD-related effects.

8.2.3.4.2 Phosphorylation of NMDA Receptors by PKAs and PKCs

NMDAR-dependent calcium influx results in the generation of cyclic AMP (cAMP)
and subsequent activation of cAMP-dependent protein kinases (PKAs). PKAs can
phosphorylate NR1, NR2A, and NR2B, increasing NMDAR activity and synaptic
targeting.?%* PK As also regulate NMDAR calcium permeability and directly modu-
late the induction of NMDAR-dependent LTP in Schaffer collateral CAl synapses
in the hippocampus®® and spatial long-term memory.2°¢ PKAs indirectly associate
with NMDARSs and modulate NMDAR function. For example, PKAs are found in a
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complex with A kinase anchoring protein (AKAP) 79/150 associated in a complex
with PSD-95 and NMDARs.2%

PKAs also associate with Yotiao, which binds to the NR1 C1 exon cassette.
Yotiao binds type 1 protein phosphatase (PP1), which is constitutively active. How-
ever, PKA can overcome constitutive PP1 activity and subsequent rapid enhancement
of NMDAR currents occurs.'3® PKA can also phosphorylate the CREB immediate
early gene that then activates other signaling cascades such as the MAP kinase path-
way or can induce new protein synthesis.?’®

Like PKA, PKC phosphorylates NR1, NR2A, and NR2B subunits; however, stud-
ies investigating the role of PKC in NMDAR regulation yielded conflicting results.
Direct phosphorylation of NMDARs by PKC induces rapid dispersal of NMDARs
from synaptic to extrasynaptic sites.?°>2° This may contribute to downregulation of
synaptic NMDARs upon PKC activation. In other studies, PKC activation increased
the amplitude of NMDAR-mediated currents and channel open probability,?0-212
increasing NMDAR insertion into synaptic membranes?'* and increasing NMDAR
sensitivity to inactivation by intracellular calcium.?!# These enhancements are likely
indirect through second messenger cascades.?'?

PKC and PSD-95 potentiate NMDAR currents by modulating channel gating and
increasing receptor numbers at cell surfaces in Xenopus oocytes.?'® These effects are
dependent on Ser-1462 in NR2A; mutation at this serine abolishes PSD-95 poten-
tiation of NMDAR currents. PKC activation also regulates NMDAR plasticity by
regulating other NMDAR modulators, including CaMKII (Section 8.2.3.4.1) and Src
(Section 8.2.3.4.2). Additionally, PKAs and PKCs can work together, suppressing
NMDAR ER retention (Section 8.2.1).16

8.2.3.4.3 Phosphorylation of NMDA Receptors by PTKs

The Src protein tyrosine kinase (PTK) family includes five members in the CNS:
Src, Fyn, Lyn, Lck, and Yes.?'” Phosphorylation of tyrosine residues on NR2A
and NR2B?® potentiates NMDAR-mediated currents.?’® In Fyn knockout mouse
striatum, NR2A and NR2B basal tyrosine phosphorylation is reduced; dopamine-
dependent NMDAR redistribution to synapses is blocked.!"> Similarly, LTP at Schaf-
fer collateral CAl synapses in the hippocampus requires upregulation of NMDAR
activity by Src.?20

PSD-95 acts as a linker and promotes Fyn phosphorylation of NR2A 217221 Lyn,
Lck, and Yes also associate with PSD-95, and Src-mediated potentiation of NR1
and NR2A receptor currents in Xenopus oocytes is dependent on the presence of
PSD-95.222 Proline-rich tyrosine kinase (Pyk?2), a calcium-dependent tyrosine kinase
that activates Src, is associated with PSD-95 and SAP102.223 Similarly, upregula-
tion of NMDARs by Src is dependent on Src anchoring to the NMDAR-containing
complex by the adaptor protein NADH dehydrogenase subunit 2 (ND2).22° Fyn may
be linked to NR2B via the RACKI scaffolding protein that inhibits NR2B phos-
phorylation by Fyn, resulting in decreased NMDAR-mediated currents in the CAl
hippocampus region in vitro.?**

In striatal neurons, NR2A and NR2B in the synaptosomal membrane com-
partment are more highly tyrosine phosphorylated, indicating that tyrosine phos-
phorylation is an important mechanism that determines subcellular localization of
NMDARs.?? The YEKL internalization motif on the NR2B subunit contains the
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tyrosine residue Tyr-1472 that is a major substrate for Fyn kinase??® (see Section
8.2.3.6). In cerebellar granule cells, phosphorylation of this residue by Fyn increases
the synaptic localization of NMDARSs by preventing their internalization.”3 Along
with Tyr-1472, Tyr-1336 is one of the most readily phosphorylated residues on
NR2B in cell culture systems.??® Calpain-mediated proteolysis of NR2B (see Sec-
tion 8.2.3.6)%7 can be decreased by inhibition of NR2B Tyr-1336 phosphorylation by
Fyn via Fyn-directed siRNA or by blocking Tyr-1336 phosphorylation.??’” Fyn and
other PTKs may be important for mediating the actions of ephrins and their recep-
tors, the Eph tyrosine kinases, that directly bind NMDARSs (see Sections 8.2.3.3.3
and 8.2.3.3.4) and are involved in establishing axon—dendrite connections during
development.'38

8.2.3.4.4  Phosphorylation of NMDA Receptors by Other Kinases

Activation of CK2 potentiates NMDAR activity??® and may contribute to the induction
of LTP.?? CK2 phosphorylates serine residue Ser-1480 in the PDZ-binding domains
of NR2B subunits, thereby blocking the interaction of NR2B-containing receptors
with PDZ proteins and decreasing their surface expression.”* This occurs in an activ-
ity-dependent manner and thus may facilitate the replacement of NR2B-containing
receptors with NR2A-containing receptors. Cyclin-dependent kinase 5 (Cdk5) phos-
phorylates NR2A subunits at Ser-1232.23° This modification is important for mediating
NMDA-evoked synaptic currents during the induction of LTP?* and may be involved
in ischemic degeneration of hippocampal CA1 pyramidal neurons.?!

CdkS also facilitates the degradation of NR2B by interacting directly with both
NR2B and its protease calpain; thus, Cdk5 knockout mice have enhanced synap-
tic plasticity due to an increase in NR2B.?* Glycogen synthase kinase 3 (GSK-3),
implicated in neuronal development, mood disorders, and neurodegeneration,?*
modulates NMDAR trafficking.?* GSK-3 inhibitors and siRNA directed at GSK-3
reduce NMDAR synaptic currents in cultured cortical neurons through increasing
Rab5-mediated and PSD-95-regulated NMDAR internalization.

8.2.3.4.5 Modulation of NMDA Receptors by Phosphatases

As discussed above, NMDARSs are extensively regulated by complex mechanisms
of phosphorylation, and it follows that kinase activity must be reversed by phos-
phatases. NMDAR regulation by type I protein phosphatase (PP1) is mediated
by the Yotiao linker protein that binds to the NR1 subunit and to PKA (see Sec-
tion 8.2.3.4.2).18 PKA activation is necessary for enhancing NMDAR currents by
inhibiting constitutively active PP1. Furthermore, the catalytic subunit of protein
phosphatase 2A (PP2A) is associated with the carboxyl domain of NR3A."® This
association increases the phosphatase activity of PP2A, resulting in dephosphoryla-
tion of Ser-897 of NR1; however, this complex may be disrupted by activation of the
NMDAR, reducing PP2A activity.

Additionally, striatal-enriched tyrosine phosphatase (STEP) modulates NMDAR-
mediated glutamatergic transmission and LTP.2* STEP may indirectly modulate
NMDARSs by dephosphorylating Fyn and reducing its activity.?*¢ In the hippocam-
pus, STEP binds directly to the NR2A and NR2B subunits, and knockdown of STEP
by siRNA results in increased NMDAR-mediated response and increased levels of
NMDARSs at cell surfaces.?*’
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8.2.3.4.6  Modulation of NMDA Receptors by Other Receptors

Cross-talk between the glutamatergic system and other receptor systems has been
identified. For example, dopamine increases NMDAR-mediated calcium influx in
a PSD-95-dependent manner,?® further supporting the role of PSD-95 as a scaf-
fold linking various signaling pathways. In the nucleus accumbens, the dopamine-
induced increase in NMDAR-mediated calcium influx is mediated by PKA and
PKC and can be reversed by activity of the pathway of dopamine- and cAMP-regu-
lated phosphoprotein (DARPP-32; M, 32 kD) and PP-1,2* indicating that the effect
of dopamine is mediated through phosphorylation. In contrast to the effects of
dopamine, activation of the 5-HT,, receptor by serotonin inhibits NMDAR-medi-
ated synaptic currents in cortical pyramidal neurons.? This inhibition is associ-
ated with a decrease in surface NR2B-containing NMDARSs through a mechanism
dependent on KIF17 dendritic transport of NR2B-containing NMDARSs (see
Section 8.2.2).

Insulin can potentiate the activity of NMDARSs in Xenopus oocytes and enhance
NMDAR-mediated synaptic transmission in the hippocampus.?*® The mechanism
by which this potentiation occurs differs with respect to the specific NR2 subunit
incorporated into the receptor, although NR2A and NR2B are both tyrosine phos-
phorylated following insulin stimulation.?*! Insulin potentiation of NR1 and NR2B
receptors is mediated by both PKCs and tyrosine kinases, while NR1-NR2A poten-
tiation is mediated mainly by PKC.?*? Interestingly, PSD-95 coexpression in Xeno-
pus oocytes eliminates insulin-mediated potentiation of NR1/NR2A receptors with
no effect on NR1-NR2B potentiation.???

8.2.3.4.7 Modulation of NMDA Receptors by Activity

Alterations in activity levels modulate NMDAR trafficking, likely through the phos-
phorylation and internalization noted above. Chronic blockade of activity in hip-
pocampal neurons in vitro results in accumulation of NMDARs at synapses.?#3-243
Furthermore, synaptic scaling, a homeostatic form of plasticity that restores neuronal
activity to a baseline level, results in increased NMDAR currents.?*¢ These effects
arise from increased NMDARs on cell surfaces, with no changes in single-channel
conductance or decay kinetics, implying no change in subunit composition. Further-
more, the effects of activity are subunit-specific, as NR2B-containing receptors are
constitutively inserted at the synapse, whereas NR2A-containing receptors require
synaptic activity to replace NR2B-containing receptors.%

8.2.3.4.8 Modulation of NMDA Receptor-Associated MAGUKs

MAGUKSs are responsible for clustering and linking NMDARs (see Section 8.2.3.3.1),
providing an additional level of potential regulation. Recent studies identified post-
translational modifications of MAGUKSs that effectively regulate NMDAR binding
to MAGUKSs and, in some cases, receptor clustering. Such modifications include
palmitoylation, phosphorylation, and ubiquitination.

Trafficking of some MAGUKSs may involve palmitoylation of their N terminal
cysteines. Whether palmitoylation is involved in trafficking NMDAR-MAGUK
complexes is unknown.*>247 Of the four PSD-95 family MAGUKSs, only PSD-95
and the major isoforms of PSD-93 can be palmitoylated. Dual palmitoylation of
PSD-95 may control cellular trafficking of PSD-95, including its initial association



Trafficking and Targeting of NMDA Receptors 171

with perinuclear organelles and subsequent transfer to the surface via tubulovesicu-
lar organelles.?#7248

The major role of palmitoylation in glutamate receptor trafficking may be trans-
port of AMPARSs rather than NMDARs; it may involve palmitoylation of MAGUKG,
AMPARSs, and their associated proteins (GRIP, ABP), and control trafficking of
AMPARS both at the Golgi and cell surface.?*®24° In contrast to PSD-95 and PSD-93,
SAP97 and SAP102 are not palmitoylated; SAP97 lacks N terminal cysteines and
SAP102 has a specialized cysteine- and histidine-rich N terminal motif that binds
zinc and is not palmitoylated.

Cdk5 phosphorylates PSD-95 at three sites in the N terminal region and dis-
rupts the ability of PSD-95 to multimerize.?° PSD-95 phosphorylated at these sites
maintains its ability to bind NMDARs and Kv1.4 potassium channels and cluster the
potassium channels in heterologous cells. The N terminal domain is important for
its clustering.?*! Disrupting the multimerization of PSD-95 likely affects its role as a
scaffolding protein. Phosphorylated PSD-95 is present in the PSD,?? suggesting that
CdkS5 phosphorylation regulates PSD-95 localized at the synapse.

CaMKII phosphorylation of PSD-95 at Ser-73 in the first PDZ domain has
also been identified.?? In contrast to Cdk5 phosphorylation of PSD-95, phos-
phorylation of Ser-73 disrupts the interaction of PSD-95 with NR2A, although
NR2B binding is not affected. Additionally, mass spectrometric analysis of iso-
lated PSD fractions identified phosphorylated serine residues of PSD-95 (Ser-295)
and PSD-93 (Ser-365).253 These residues are located between the second and third
PDZ domains, and their functional roles have yet to be determined. Furthermore,
PSD-93 is a highly tyrosine-phosphorylated protein in the NMDAR-associated
complex.?* It is phosphorylated on Tyr-384, located between the second and
third PDZ domains and may be phosphorylated by Fyn kinase in vitro. Fyn phos-
phorylation promotes the interaction of PSD-93 with the SFK-negative regulator
Csk, suggesting that it plays a role in linking NMDARs to the SFK regulatory
machinery.

Ubiquitination of MAGUKSs has also been identified as a mechanism by which
they may be regulated (see Section 8.2.3.6).2° PSD-95 is associated with the ubiqui-
tin E3 ligase Mdm?2 in synaptic membranes. Following NMDA treatment, PSD-95 is
ubiquitinated and subsequently degraded by the 26S proteasome. This process requires
activity of the calcium-sensitive phosphatase PP2B and phosphorylation of PKA sub-
strates, and is essential for NMDA-induced AMPAR internalization and LTD.

8.2.3.5 Presynaptic NMDA Receptors

While NMDARSs generally are assumed to be postsynaptic, several studies in the
early 1990s showed evidence of presynaptic NMDARs. Petralia et al.>>%27 found
immunocytochemical evidence for presynaptic and axonal localizations of NMDARs
in scattered populations throughout the brain. Other studies provided detailed evi-
dence for presynaptic NMDARs associated with specific synapse populations. These
were specialized glutamatergic terminals that released or co-released neuropeptides
or hormones, e.g., noradrenergic terminals,?® mossy terminals of the CA3 region of
the hippocampus,?® specific types of primary afferent terminals of the spinal cord
dorsal horn,?%0:26! and hypothalamic terminals in the pituitary.?®?
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It is now apparent that presynaptic NMDARSs have broader functions and may
underlie common presynaptic mechanisms for regulating releases of the major glu-
tamate and GABA neurotransmitters. By analyzing sectioned or sliced spinal cord
preparations with attached dorsal roots (P3—15), Bardoni et al.?%* found that activation
of NMDARESs in preterminal axons and presynaptic terminals caused an inhibition of
glutamate release from the terminals. In the cerebellum, a single glutamatergic gran-
ule cell parallel fiber can develop LTD via stimulation of its presynaptic NMDARs,
presumably by direct action of glutamate released by its terminal.?%4 In contrast, ret-
rograde activation of presynaptic NMDARSs on terminals of GABAergic inhibitory
interneurons can enhance GABA release at these cerebellar interneuron-Purkinje
cell synapses. These presynaptic NMDARs may be activated by local release of
glutamate from Purkinje cells.?6>

In GABAergic inputs to tectal neurons of the developing retinotectal system
of Xenopus, the opposite effect of LTD is caused by a reduction in GABA release
mediated by presynaptic NMDARSs responding to high frequency visual stimulation.
Presumably the glutamate acting on these NMDARSs comes from spillover from adja-
cent glutamatergic terminals.?®® Timing-dependent LTD of neocortical pyramidal cell
glutamatergic synapses requires simultaneous activation of presynaptic NMDARs
and CBI1 cannabinoid receptors.?’ In contrast, simultaneous activation of converging
cortical and thalamic afferents in the lateral amygdala (mimicking the effect of fear
conditioning) induces associative LTP in the cortical inputs that may depend on acti-
vation of presynaptic NMDARSs on the cortical afferent terminals caused by release
of glutamate from the thalamic afferents.?6®

Pre- and postsynaptic NMDARs may be composed differently. Wang and
Thukral?®® presented pharmacological evidence suggesting that presynaptic
NMDARs preferentially contain NR1 subunits with exon 5 inserts in the N ter-
minal domains. A number of studies suggest that presynaptic NMDARs contain
NR2D (cerebellar interneurons,?’° spinal cord,?®* hippocampus?’!), e.g., because of
low sensitivity to magnesium block. These studies concentrate on postnatal stages
when NR2D is still common in the brain. However, Thompson et al.?’?> presented
immunohistochemical evidence for NR2D in presynaptic NMDARs in regions
of the hippocampus of adult mice. According to Mameli et al.,?”! CAl pyrami-
dal neurons in hippocampal slices from rats up to PS5 show a short-term increase
in probability of glutamate release involving presynaptic NR2D-containing
NMDARs and the pregnenolone sulfate excitatory neurosteroid. This triggered a
long-term enhancement of AMPARs mediated by postsynaptic NR2B-containing
NMDARs.

In contrast, Jourdain et al.?”® showed functional and immunocytochemical evi-
dence for NR2B-containing presynaptic NMDARs in glutamatergic perforant path
terminals that form synapses on granule cells of the dentate gyrus of the hippo-
campus. These are concentrated on the extrasynaptic portions of the terminals and
respond to glutamate released from adjacent astrocytes activated by initial glutamate
release from the terminal and by activation of P2Y1 purinoreceptors by ATP. Acti-
vation of these presynaptic NMDARSs enhances synaptic strength at synapses. Yang
et al.?™ revealed that the primary presynaptic NMDAR in the entorhinal cortex is
NRI1/NR2B. This autoreceptor is abundant in young adult rats but appears to decline
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in older animals. Interestingly, the decline may be reversed in chronic epileptic
seizure.

8.2.3.6 NMDA Receptor Internalization

NMDARSs are cycled to and from synapses via both constitutive and regulated path-
ways. Regulation involves a number of factors and depends largely on synapse activ-
ity.62275-277 Regulated internalization of NMDARs involves direct effects of agonist
binding during activity.?’®?7° In addition to internalization due to direct activation of
the NMDAR, activation-induced internalization may occur indirectly via activation
of metabotropic glutamate receptors.?®® Activity-based internalization may also be
controlled selectively, e.g., by differential regulation of synaptic and extrasynaptic
NMDARs.?

Internalization generally requires specific internalization motifs on NMDAR
C termini.'#?’>2’6 NR2B contains a tyrosine-based endocytotic C terminus motif
(YEKL) that binds to the y2 subunit of the AP-2 adaptor protein?®28282 involved in
clathrin-mediated endocytosis from cell surfaces. NR2A has a similar tyrosine-based
motif (YKKM) that is not involved in this endocytosis function. Instead, endocytosis
of NR2A seems to involve a dileucine motif in the C terminus. Both NR2A and NR2B
can bind to PSD-95 via the ends of their C termini (ESDV), and this interaction with
PSD-95 may regulate internalization, i.e., the binding of PSD-95 to the C terminus of
NR2A or NR2B may inhibit clathrin-mediated endocytosis of NMDARs.

The importance of this binding to NR2A is not clear because its binding to a
PDZ protein is not required for synaptic localization, as discussed below.%>-6893 Endo-
cytosed NR2A-containing and NR2B-containing NMDARSs enter early endosomes,
but then they diverge. Generally, NR2A enters late endosomes for degradation, while
NR2B enters recycling endosomes for recycling to cell surfaces.?®2% Interestingly,
activation of the NMDAR-CaMKII pathway regulates CK2 phosphorylation of the
serine of the PDZ-binding motif at the end of the NMDAR subunit C termini.** This
phosphorylation decreases surface expression of NR2B in neurons via disruption of
the interaction of NR2B with PSD-95 and SAP102, subsequently permitting internal-
ization of the NMDAR from the surface.’!

This may lead to a natural disruption in forward trafficking of NMDARs to the
surface.”* While phosphorylation of the serine in the PDZ-binding domain (ESDV)
of NR2B (but not that of NR2A) may induce internalization of the NMDAR, Fyn-
mediated phosphorylation of the tyrosine in the AP-2 binding site (YEKL) of
NR2B may prevent AP-2 binding and thus promote retention of NR2B-containing
NMDARs at synapses.”> This suggests that MAGUKSs are not simply mechanical
scaffolds for anchoring of receptors at synapses. Instead, the major function of
MAGUK binding is to keep Fyn kinase in close proximity to the AP-2 binding site
of NR2B. The role of Fyn is complex. Activation of dopamine DI receptors induces
a Fyn-dependent redistribution of NMDARSs between intracellular and postsynaptic
subcellular compartments in the striatum.'’> Also, RACK1 binds to both NR2B and
Fyn and prevents Fyn from phosphorylating NR2B.?** In contrast to NR2B, synap-
tic localization of NR2A does not require interactions with PDZ proteins or AP-2
binding to its YKKM motif,** although PSD-95 promotes Fyn-mediated tyrosine



174 Biology of the NMDA Receptor

phosphorylation of NR2A (but the specific tyrosine residues involved were not iden-
tified??"). As noted above, coexpression with PSD-95 inhibits NR2A-mediated endo-
cytosis.?® The regulation of NR2A-containing receptors must be very different from
that of NR2B-containing receptors.%3

In addition to the endocytotic motif near the distal C terminus of NR2B, inter-
nalization of NMDARSs also involves another tyrosine residue-containing endocytotic
motif in the proximal C terminus near the last trans-membrane domains in NR1 and
NR2 subunits.?®3 The three residues following the tyrosine vary in this motif. NR1
has an additional endocytotic motif (VWRK) near the first (YKRH). These proxi-
mal motifs appear to be involved in targeting NMDARSs to degradation via late endo-
somes, unlike the distal motif of NR2B that may target endocytosed NR2B-containing
NMDARSs to recycling endosomes and back to the surface.?®?

The mechanism for this is not clear, but may involve dephosphorylation of
this proximal tyrosine residue (possibly phosphorylated by Src kinase), followed
by binding of the AP-2 adaptor and clathrin-mediated endocytosis, as shown for
NR1 and NR2A NMDARs.?”® This NMDAR internalization is primed by agonist
binding and is independent of ion flow.?’82” Glycine binding enhances the asso-
ciation of AP-2 with the NMDAR and may be sufficient to prime the receptor
for internalization, although both glycine and glutamate binding are required for
endocytosis.?”

A number of other proteins involved in clathrin-dependent endocytosis associ-
ate with NMDARSs. RNAi knockdown of CPG2 (candidate plasticity gene 2), which
is localized specifically to the postsynaptic endocytotic zones of excitatory syn-
apses, may increase the number of postsynaptic clathrin-coated vesicles including
some that contain NMDARSs, and increase the number of surface NR1 and AMPAR
GluR2 molecules.?34

GIPC is associated with endocytosis and contains a PDZ domain that binds to
the C terminal ESDV domain of NR2B. Preliminary studies indicate that GIPC helps
regulate surface stabilization, endocytosis, and recycling of NMDARs.”# Selective
endocytosis of NR3A-containing NMDARSs during postnatal development is mediated
by the PACSIN1-syndapin 1 adaptor that binds to the C terminal of the NR3A, as well
as to dynamin and the N-WASP actin-organizing protein. This mechanism is activity-
dependent and may help regulate synaptic maturation.?®

The site of clathrin-mediated endocytosis of NMDARs and other glutamate recep-
tors is commonly found on the side of the spine.*12823 This location for endocytosis
is typical for mature synaptic spines but is more variable in immature synapses and
at early postnatal ages. This site is often located in the perisynaptic membrane at the
border of the young PSD, typically formed directly on a dendrite shaft.* It is diffi-
cult to find immunolabeling for NMDARSs within identified clathrin-coated pits, but a
few examples have been found,**?%* including some near synapses seen during CPG2
knockdown in vitro®®* and in normal neurons (authors’ unpublished data).

NMDARSs and other glutamate receptors may be internalized by methods other
than clathrin-mediated endocytosis. Clathrin-independent endocytosis is seen for a
number of proteins including some receptors. Some proteins can be endocytosed by
clathrin-dependent or clathrin-independent mechanisms.?#7.288 For example, exposure
to low levels of epidermal growth factor (EGF) induces endocytosis of EGF receptors
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(EFGRs) via clathrin-coated pits, while higher levels of ligand cause EGFRs to be
ubiquitinated and endocytosed via a lipid raft-associated, clathrin-independent path-
way (both low and high levels of EGF are physiologically relevant).?®°

Ubiquitination is involved in regulation of a number of PSD proteins including
PSD-95, Shank, GKAP, and AKAP79 and 109, and may be involved in activity-
dependent changes in NMDARSs at synapses, particularly the switch from NR2B- to
NR2A-containing NMDARS,224+ although the mechanism is not fully understood.
Ubiquitination is important for direct regulation of NMDARs, although again the
mechanism is not clear. F-box protein 2 (Fbx2) can bind to high-mannose glycans of
the N terminal extracellular domain of NR1, presumably following retrotransloca-
tion of the N terminal to the cytoplasm by an unknown mechanism.?*® Fbx2 induces
ubiquitination of NR1 via linkage of ubiquitin-transferring enzymes, resulting in
degradation by the proteasome. Presumably such a mechanism requires additional,
unidentified proteins that can direct the N terminal extracellular domain of NR1
(and the other attached subunits of the NMDAR) through the membrane and into the
cytoplasm?'; this mechanism remains speculative.

A ubiquitin-based degradation mechanism may regulate activity-dependent
recycling of NMDARSs between the cell surface and internal compartments, as over-
expression of an Fbx2 mutant accompanied by augmented activity (using a GABA ,
receptor antagonist) increases the density of extrasynaptic NMDARs. In addition,
prolonged activation of NMDARs leads to calpain-dependent downregulation in
NMDAR currents, which involves the degradation of NR2A and NR2B. This is
independent of dynamin,’” a component of clathrin-dependent and some forms of
clathrin-independent endocytosis. Overactivity probably leads to calpain-mediated
cleavage of NR2 subunits of NMDARs that are on cell surfaces, leading to their
destruction and loss via a form of clathrin-independent mechanism; this may protect
neurons from excitotoxicity. Susceptibility to calpain-mediated cleavage varies with
neuronal maturity, and this process may be blocked by the association of NMDARs
with PSD-95 at synapses.?2293

It is likely that lipid rafts and associated proteins such as flotillin and caveolin
interactunder some conditions with NMDARs and other glutamate receptors>233294-297
potentially related to clathrin-independent endocytosis.?** The presence of caveolin
in neurons is controversial, but evidence continues to support significant function for
caveolin in neurons.?%2%

S-nitrosylation of cysteines of NR2A via nitric oxide (NO) can downregulate ion
channel activity.>® NO may be produced in neurons after NMDAR activation, and
this may be facilitated by coupling of both the NMDAR and nNOS to synapse-local-
ized PSD-95 (see Section 8.4.1).

8.3 NMDA RECEPTOR TRAFFICKING AND DISEASE

The excessive calcium influx through NMDARs triggers excitotoxic cell death,33%!
implying that NMDAR-mediated calcium influx mediates specific downstream
signaling cascades that may ultimately lead to cell death.’> Mounting evidence
suggests that disruptions in NMDAR trafficking and targeting may play a role in
disease states distinct from NMDAR-mediated excitotoxic cell death.?’”” NMDAR
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A. Huntington’s Disease B. Alzheimer’s Disease
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FIGURE 8.4 NMDAR trafficking is altered in neurological disorders. A: Huntington’s dis-
ease. Wild-type huntingtin (htt) binds the SH3 domain of PSD-95 (left).?*? In a proposed model
of HD (right), mutant htt disrupts the association of PSD-95 and htt, increasing the availabil-
ity of PSD-95 to bind NMDARs*?, and stabilize them on the surface.?! Mice overexpress-
ing mutant htt exhibit decreased phosphorylation of NR1 Ser-897,% resulting in decreased
dopamine DI1-mediated CREB activation®*® and increased NMDAR-mediated cell death.’!
B: Alzheimer’s disease. Calcium influx induced by -amyloid binding to a/7-containing AChRs
results in activation of PP2B, which dephosphorylates and activates STEP. STEP dephosphory-
lates NR2B at Tyr-1472,3% resulting in increased clathrin-mediated endocytosis of NMDARs.?
C: Parkinson’s disease. D1 dopamine receptor agonist increases NMDAR phosphorylation
by Fyn kinase,'" causing increased NMDAR stabilization on cell surfaces.”® Constitutive
dephosphorylation of NMDARSs normally occurs, possibly mediated by STEP, resulting in
clathrin-mediated endocytosis of NMDARs. The ratio of phosphorylated to dephosphorylated
NMDARs may be disrupted in Parkinson’s disease, producing increased NMDAR localization
on cell surfaces. D: Schizophrenia. Neuregulin-mediated alterations in NMDAR trafficking
are presented in two alternative models. In the first (left), neuregulin-1 signaling activates Fyn
and Pyk kinases and causes phosphorylation of NR2B-containing NMDARs.?* This prevents
subsequent clathrin-mediated endocytosis of the NMDAR.? In the second model, consistent
with hypofunctional NMDARs, neuregulin-1 activates ErbB4 (right) and promotes actin-
dependent NMDAR internalization.’¢ Activation of ErbB4 by neuregulin suppresses tyrosine
phosphorylation of NR2A,!'7° the effects of which have not been determined.

dysfunction may lead to loss of synaptic function that may ultimately mediate a col-
lapse of the synaptic functional unit in the absence of calcium-mediated cell death.
Furthermore, loss of synaptic function may occur before cell death and in some
diseases appears presymptomatically.393-30¢ Thus, the complex nature of NMDAR
function in disease states has expanded beyond the traditional view of excitotoxic
cell death to include NMDAR deregulation. The next section briefly reviews recent
developments in elucidating NMDAR mistargeting in the context of neuropathologi-
cal conditions (Figure 8.4).
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8.3.1 NMDA REecerTOR SUBUNIT-SPECIFIC DETERMINANTS
orf Excitotoxic CeLL DEATH

Certain common features of NMDAR deregulation may apply to various diseases.
For example, studies suggest that NMDAR-mediated excitoxicity is dependent on
NMDAR subunit composition. Cells transfected with NR1/NR2B or NR1/NR2A
subunits are more susceptible to cell death than those transfected with NR1/NR2C
or NR1/NR2D,3"! possibly due to higher calcium permeability of NR1/NR2A and
NR1/NR2B NMDARs. Furthermore, increases in toxicity occur with development
as NR2B expression decreases and NR2A expression increases,*”’ consistent with
subunit-specific vulnerability to excitotoxic cell death. A recent study investigat-
ing the effects of NR2B-specific and NR2A-preferring antagonists revealed that
while NR2B appears to mediate cell death mechanisms in cortical neurons cultured
14 days in vitro, NR2A- and NR2B-containing receptors contribute at 21 days in
vitro.3% Interestingly, at 21 days, NR2A exhibited neuroprotective properties at sub-
maximal NMDA concentrations, the effects of which were dependent on the pres-
ence of its C terminal tail.

Related to subunit composition, subcellular localization may determine sub-
unit-specific effects. NR2A- and NR2B-containing receptors are coupled to distinct
downstream signaling cascades as a result of their predominantly synaptic or extra-
synaptic localizations, respectively (see Section 8.2.3.2).3%° Extrasynaptic NMDARs
have been associated with the induction of cell death, and synaptic receptors mediate
induction of synaptic plasticity.31%3!!

A recent study investigated expression profiles in response to synaptic (induced
by blocking GABA ,-mediated inhibition with a bicuculline antagonist) and whole-
cell (induced by bath application of glutamate) activity.” The researchers identified
subsets of transcripts induced by NMDAR-dependent and -independent mechanisms,
leading to the expression of pro- or antiapoptotic transcripts. Thus, along with subunit
composition, synaptic or extrasynaptic NMDAR localization determines whether
receptor activation produces synaptic plasticity or neurotoxicity.3?

8.3.2 HUNTINGTON’s DISEASE

Huntington’s disease (HD) is an inherited neurodegenerative disorder resulting in cog-
nitive deficits, motor decline, and mood dysfunction.?'3 Expansion of the polyglutamine
repeat in the gene encoding the huntingtin (htt) protein has been identified as the cause.3!
The disease involves extensive cell death in GABAergic projection medium-sized spiny
neurons of the neostriatum and to a lesser extent, cell death in the cortex.?!s

NMDARs have been implicated in HD neuropathology based on ample evi-
dence.’% For example, HD patients exhibit disproportionate losses of NMDAR
binding sites in the striata compared to GABAergic or cholinergic binding sites,
suggesting that NMDAR expression increases vulnerability of the neurons to cell
death.?'¢ In addition, in cultured striatal neurons, NMDAR agonists induce neuro-
toxicity more effectively than agonists for other glutamate receptor subclasses.’!’
Furthermore, HD-like behavioral and neuropathological symptoms may be mim-
icked by administration of NMDAR agonists such as quinolinic acid into the striata
of rodents and primates.3!8:31°
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A role for the NMDARSs in HD independent of excitotoxicity has been proposed.
Mouse models of HD displayed behavioral and electrophysiological alterations in the
absence of cell loss.3?°In HD, cognitive deficits often precede motor symptoms,3?!-323
Similarly, presymptomatic alterations in glutamatergic transmission occur in disso-
ciated cortical neurons in mouse model of HD.3?* In a transgenic HD mouse model,
NMDAR physiological properties were altered in populations of medium spiny
neurons, exhibiting increased response to glutamate and decreased sensitivity to
magnesium.’?> These findings support a role for NMDARSs in HD neuropathology
distinct from the induction of excitotoxic cell death.

Changes in NMDAR subunit expression in HD have been reported®, and
NR2B has been identified as a contributing factor to HD neuropathology.??¢ NR2B
is enriched in the striatum,327328 which exhibits a significantly higher ratio of NR2B
to NR2A than the cortex or hippocampus.’” Most NMDARs in medium spiny neu-
rons are sensitive to the NR2B-specific antagonist ifenprodil, which is as effective at
blocking NMDAR-mediated cell death as the NMDAR antagonist MK-801.3%° Thus,
the current model suggests that striatal neurons expressing predominantly NR2B are
more susceptible to excitotoxic cell death (see Section 8.3.1).33 This model is sup-
ported by findings in HEK-293 cells, in which coexpression of NR2B with mutant
htt led to larger NMDAR currents than with wild-type htt. No differences were
seen when NR2A was coexpressed with mutant versus wild-type htt.32¢ Apoptotic
cell death is also significantly greater in cells cotransfected with mutant htt and
NR2B, but not NR2A.3! As noted, extrasynaptic NR2B-containing receptors are
suggested to more effectively mediate cell death than synaptic NR2A-containing
receptors.310311

In addition to subunit composition and receptor localization, alterations in
NMDAR trafficking may contribute to HD neuropathology. NMDARs may be
linked to htt by cytoskeletal proteins. NR1 surface localization is increased in cul-
tured medium spiny neurons from transgenic mice expressing htt with moderately
expanded polyglutamine lengths.’® Additionally, in transfected HEK-293 cells and
human cortical tissue, NMDARSs are linked to htt via its association with the SH3
domain of PSD-95, which plays a role in NMDAR synaptic localization (see Sec-
tion 8.2.3.3.2).332 The PSD-95-htt association decreases in the presence of mutant htt,
presumably increasing the availability of unbound PSD-95 to bind NMDARs*? and
stabilizing NMDARs on the surface.?®' Consistent with this model is the finding that
wild-type htt serves a neuroprotective role, possibly by blocking excessive NMDAR
activity.’33 PSD-95 and membrane-associated nNOS are decreased in transgenic mod-
els of HD,¥433 suggesting that the NMDAR-PSD-95-nNOS complex may be dis-
rupted (see Section 8.2.3.3.2).33¢ Therefore, the presence of mutant htt may disrupt
NMDAR function by increasing NMDAR-mediated calcium influx and by disrupting
normal synaptic function.

NMDAR are extensively regulated by phosphorylation (see Section 8.2.3.4).
Phosphorylation of NMDARs and their downstream signaling partners is altered
in HD. Phosphorylated Src and targeting of activated phospho-Src and PSD-95 to
membrane fractions is increased by mutant htt relative to wild-type htt.3¥” Changes
in PKC and PKA phosphorylation may be affected by mutant htt.3% Decreased
Ser-897 phosphorylation on NR1 was reported in transgenic mouse models of
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HD,3% resulting in decreased dopamine Dl-mediated CREB activation®® linked to
increased NMDAR-mediated cell death.?!° Mice overexpressing mutant htt exhibited
increased CRE-mediated transcription compared with mice overexpressing wild-
type htt,>* although inhibition of CRE-mediated gene transcription has been linked
to HD.3"

8.3.3 ALzHEIMER’S DISEASE

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder character-
ized by impairments in memory and cognition, likely caused by the accumulation
of B-amyloid peptide. While earlier work focused on the role of the cholinergic
system, mounting evidence suggests a glutamatergic synaptic dysfunction in early
stages.304305 Memantine, a noncompetitive NMDAR antagonist,*** has been approved
for treatment of AD.34!

Early observations in biopsied and postmortem AD brains reported losses of
synaptic spines accompanied by decreases in the numbers of synapses per cortical
neuron; these findings have since been confirmed.3*?-3* Subsequent studies implicated
the NMDAR in the synapse losses.>* Furthermore, B-amyloid oligomers were found
to interrupt synaptic plasticity in vivo and in slices**® and transiently impair learned
behaviors in rats.3*-34 Interestingly, nontoxic amounts of B-amyloid reduce synaptic
plasticity and glutamatergic transmission without inducing cell death.3>

Analyses of postmortem AD brains reported altered NMDAR subunit expres-
sion. N1-containing NR1 isoforms are decreased in AD-affected patients in brain
regions most susceptible to pathological damage.*"35? While levels of NR2C and
NR2D mRNA are not altered, NR2A and NR2B mRNA and protein show decreases
in susceptible brain regions.?*3 Within the hippocampus, NR1 and NR2B mRNA and
protein levels are reduced, while NR2A mRNA and protein levels are unchanged,*
perhaps producing altered neuronal vulnerability. Discrepant results regarding alter-
ations in NMDAR subunit expression suggest that additional mechanisms may be
involved in the neuropathological changes.?>

One such mechanism is NMDAR protein trafficking that is reportedly altered in
AD. B-amyloid decreases NMDAR localization at synaptic sites and increases endo-
cytosis of NMDARs in cultured cortical neurons and in transgenic mice expressing
mutant amyloid precursor protein (APP), with no affect on GABA, 2 and 3 sub-
units.33® Furthermore, an increase in the tyrosine phosphatase function of STEP results
in decreased phosphorylation of NR2B at Tyr-1472,3% leading to increased endocytosis
of the receptor.”® Prolonged depression of NMDAR-mediated transmission may initi-
ate pathological changes or, alternatively, may be neuroprotective based on the find-
ing that preconditioning with B-amyloid reduces glutamate-induced neurotoxicity by
promoting endocytosis of NMDARs.?¥’

8.3.4 PARKINSON’S DISEASE

Parkinson’s disease (PD) is a progressive disorder characterized by degeneration of
the dopaminergic neurons projecting from the substantia nigra to the striatum. This
dopamine deficit is mimicked in animal models that reveal nigrostriatal denerva-
tion induced by 6-hydroxydopamine (6-OHDA) injections.338-3%° The characteristic
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symptoms of PD—resting tremors, rigidity, and other motor symptoms—are
alleviated by treatment with L-DOPA (levodopa). However, chronic L-DOPA treat-
ment results in abnormal involuntary spasmodic movements (dyskinesia).>*® Evidence
for NMDAR involvement in PD neuropathology comes from effective reduction of
neuropathology by NMDAR antagonists, including the NR2B antagonists ifenprodil
and CP-101,606, in experimental models¢!32 and in humans.3¢3

NMDAR subcellular localization and function are reportedly altered in ani-
mal models of PD and following chronic L-DOPA treatment.3>8-3% In a unilateral
6-OHDA model of PD, alterations in synaptic function included reorganization of
spines,3** decreases in synapse numbers,?% and reductions of LTP and LTD.366.367
While NR1 expression is not altered in postmortem brains of PD patients,3¢8-3%
NR2A is upregulated in a nonhuman primate model of dyskinesia.?*® Altered
NMDAR binding was reported in experimental models of PD and human postmor-
tem PD brains.>>

Changes in subunit composition, subcellular localization, and phosphorylation
states of NMDARSs have also been reported in 6-OHDA mouse models of PD.370-372
Total NMDAR subunit expression is reportedly not altered.’’%-371373 However, syn-
aptic localization of NR1 and NR2B decreased in the lesioned striatum relative to
unlesioned striatum, with no change in NR2A.*"! Similarly, in L-DOPA-induced dys-
kinesia, NR2B was reported to redistribute from synaptic to extrasynaptic sites.3°
Significantly, chronic L-DOPA treatment of 6-OHDA-lesioned rats restored the
abundance of NR1, NR2A, and NR2B subunits in homogenate and synaptosomal
membrane fractions.?”!-373

The exact mechanisms by which NR2B-containing receptors redistribute fol-
lowing 6-OHDA lesions have not been determined, but phosphorylation plays a
role. NR2A and NR2B subunits localized in synaptosomal membranes are tyrosine
phosphorylated, but those in the light membranes or synaptic vesicle-enriched frac-
tions (containing trafficking vesicles) are not.?? In the PD 6-OHDA lesion model, no
changes were measured in the phosphorylation of NR2A or NR2B in total homog-
enates, but NR2B phosphorylation decreased in the subpopulations of NMDARs in
membrane fractions,?’%371:373 suggesting that changes in phosphorylation alter sub-
cellular localization in PD. Consistent with this model, the dopamine DI agonist
increases NR1, NR2A, and NR2B localization to synaptosomal membrane fractions
and tyrosine phosphorylation of the subunits in those fractions.??’

Dopamine depletion alters serine and threonine phosphorylation of NMDAR sub-
units. In a unilateral 6-OHDA rat model of PD, phosphorylation of NR1 at Ser-890
and Ser-896 decreased.?”! Ser-897 was not affected. However, increased phosphoryla-
tion at this site was reported in another study utilizing the 6-OHDA model and also
in MPTP primate models of PD.’* These modifications have downstream functional
effects, as phosphorylation of Ser-890 results in the dispersion of NMDAR clusters.?”
Increased phosphorylation at Ser-897 led to increased dopamine D1-mediated CREB
activation.?*® Increased serine phosphorylation of NR2A, but not NR2B, was reported
in striatal tissue following unilateral 6-OHDA lesions and subsequent chronic L-DOPA
treatment.’” Interestingly, chronic L-DOPA treatment enhances serine phosphorylation
of NR1 at Ser-890, Ser-896, Ser-897, and NR2A along with tyrosine phosphorylation of
both NR2A and NR2B.37!37337 These studies strongly support a model for regulation
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of surface delivery and/or stabilization of NMDARSs by subunit-specific phosphoryla-
tion that may contribute to the neuropathology of PD.

8.3.5 ScHIZOPHRENIA AND MOOD DISORDERS

The glutamate dysfunction hypothesis received much attention in recent years as a
mechanism involved in schizophrenia and mood disorders.*’® Reduction of NMDAR
function by noncompetitive antagonists such as ketamine and phencyclidine led to
dopaminergic hyperactivity and behavioral changes characteristic of schizophre-
nia.’”” In postmortem tissues of schizophrenic patients, altered NR1, NR2A, NR2B,
and NR3A expression was reported.3”8-38! Mice expressing only 5% of normal levels
of NRI1 displayed behavioral abnormalities that correlated with schizophrenia and
could have been reversed by treatment with antipsychotics such as haloperidol or
clozapine.’®? Possible changes in trafficking or localization of NMDARs were sug-
gested and are supported by a report of decreased striatal expression of SAP102.383
Interestingly, in many neuropathologies, glutamatergic hyperactivity was impli-
cated; however, schizophrenia is associated with hypofunction of the glutamater-
gic system.37%-3% This lends further support to the model implicating NMDARs in
neuropathologies such as schizophrenia by mechanisms other than excitotoxic cell
death.

Neuregulins are widely expressed growth and differentiation factors that have
been genetically linked to schizophrenia.®® Neuregulin function has been asso-
ciated with changes in glutamatergic synapse function,'’%3% linking neuregulins,
glutamatergic hypofunction, and schizophrenia. Neuregulin-1 activity suppresses
NMDAR activation, an effect more pronounced in schizophrenic subjects than in
normal controls.'” The neuregulin-f§ isoform induces NR2C mRNA expression in
cultured cerebellar granule cells in an NMDAR activity-dependent manner.'8 In the
prefrontal cortex, neuregulin-1 promotes actin-dependent NMDAR internalization
and decreases NMDAR-mediated EPSCs.3%

In hippocampal neurons, neuregulin-1 induces decreases in AMPAR-mediated
EPSCs, but not in NMDAR EPSCs, along with a corresponding increase in AMPAR
endocytosis.®®” A more tightly coupled complex of the neuregulin receptor ErbB4,
PSD-95, and NMDARs was reported in postmortem brain tissue of schizophrenic
patients compared to normal controls.!” The functional effects of this complex were
elucidated more recently.’®® ErbB4 binds Fyn, and neuregulin signaling stimulates
NR2B Tyr-1472 phosphorylation through the actions of Pyk2 and Fyn kinases.
Transgenic mice with neuregulin-1 or ErbB4 knockdowns are hypophosphorylated
at Tyr-1472 NR2B and may be rescued by treatment with clozapine. These data sug-
gest that the glutamatergic hypofunction model of schizophrenia may be mediated
in part by the effects of neuregulins on NMDAR function.

Major depression and bipolar disorder may be effectively treated with antago-
nists of NMDARs, implicating the glutamatergic system in the diseases.’° A single
dose of ketamine, an NMDAR-specific antagonist, produced significant improve-
ments in subjects with major depressive disorders.3*® Mice lacking NR2A subunits
exhibited anxiolytic and antidepressant-like effects.*' Exercise did not enhance neu-
rogenesis as occurred in wild-type mice.*? These findings agree with suggestions
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that depression results from impaired neurogenesis.’®® Treatment of rats with
lithium—an effective remedy for patients with bipolar disorder—resulted in block
of NMDAR-mediated signaling via phospholipase A, activation and arachadonic
acid release.’®* GSK-3, one of the main targets of lithium,*> was shown to induce
NMDAR internalization (see Section 8.2.3.4.4).234

Interestingly, sleep deprivation is an effective and rapid short-term treat-
ment for depression.’® Studies indicate that sleep deprivation induces changes in
NMDAR function in the hippocampus.**’3% Longer sleep deprivation (24 hr) pro-
duced impaired LTP and spatial learning, reduced NMDAR-mediated currents, and
decreased NR1 surface expression with no changes in other NMDAR subunits.>’
Studies investigating shorter periods of sleep deprivation reported different results
based on the sleep deprivation protocols used. After 4 hr of sleep deprivation, NR2A
protein levels in synaptosomal fractions increased with no changes in NR2B.3*° The
effects of sleep deprivation were reversible following 3 hr of recovery. After 72 hr
of sleep deprivation, NMDAR-mediated currents decreased in amplitude with no
changes in decay kinetics as a result of decreased NR1 and NR2A (but not NR2B)
surface expression.**

As in schizophrenia studies, bipolar disorder and depression studies reported
alterations in NR1, NR2A, NR2B, and, interestingly, NR3A subunit expres-
sion,381,383:400401 Decreased striatal expression of PSD-95 and SAP102 or SAP102
only was reported in postmortem tissues of patients with bipolar disorder and depres-
sion, respectively.383

8.3.6 OTHER DISORDERS

NMDARs have also been implicated in other neuropathological conditions including
lupus erythematosus,*%2403 neuropathic pain,*** ischemia,*% epilepsy,3*® amyotrophic
lateral sclerosis,**® and HIV dementia.*’
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9.1 INTRODUCTION

In pyramidal neurons of the hippocampus and cortex, NMDA-type glutamate recep-
tors (NMDARs) are the predominant sources of synaptically evoked calcium (Ca)
signals'~” (Figure 9.1A through C). Ca influx through NMDARSs regulates diverse
processes including kinase and phosphatase activity, protein trafficking, structural
and functional synaptic plasticity, cell growth, cell survival, and apoptosis.®-'! Which
of these many Ca-dependent processes are triggered when NMDARs open depend
on the context of receptor activation and the magnitude, kinetics, timing, and spatial
spread of the resulting Ca transients. This chapter reviews the features of NMDARSs
that determine Ca influx through the receptors and discusses how the context of
NMDAR activation shapes synaptically evoked Ca transients.

9.2 SUBUNIT DEPENDENCE OF NMDA RECEPTOR-MEDIATED
CALCIUM INFLUX

NMDARSs are heteromeric tetramers typically composed of NR1 subunits and NR2
or NR3 subunits.'>!3 Each subunit has multiple isoforms and in some cases mul-
tiple splice variants.!'*!> This structural diversity is functionally relevant; the specific
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FIGURE 9.1 (See color insert following page 212). NMDAR-dependent calcium influx into
active spines is modulated by AMPARs and SK channels. (A) Spiny dendrite from a mouse
CA1 pyramidal neuron filled through a somatic whole-cell recording electrode with the red
Ca-insensitive fluorophore Alexa-594 and the green Ca-sensitive fluorophore Fluo-5F. (B) Line
scans through the dendrite and spine as indicated by the dashed line in (A) Arrow heads in (A)
and (B) indicate locations and timings of 500 usec laser pulse used to trigger 2-photon medi-
ated photolysis of MNI glutamate. Uncaged glutamate binds to and opens NMDARSs, resulting
in Ca influx into the spine head seen as an increase in green fluorescence. The accompanying
uncaging-evoked excitatory postsynaptic potential (uEPSP) is not shown. (C) Examples of uEP-
SPs (top) and spine head Ca transients (bottom) generated by glutamate uncaging at a single
spine in control conditions (black line) or in the presence of the NMDAR antagonists CPP and
MK-801 (red). (D) uEPSPs from individual spines in control conditions (black line) in the pres-
ence of the SK channel antagonist apamin (red) and the AMPAR antagonist NBQX (green). (E)
Fluorescence transients measured in the spine head in response to the uEPSPs shown in (D) The
amplitude of the fluorescence transient was directly proportional to spine head Ca. (F) Time
course of the calculated spine head calcium currents in the three conditions. Ca currents were
estimated by deconvolving the spine head Ca transients shown in (E) with the impulse response
function of spine head Ca handling (not shown). Scale bars: (A) 1 um; (B) 25 msec; (C) 0.5 mV,
5% AG/Gy,, 25 msec; (D) 0.5 mV, 25 msec; (E) 5% AG/G,,, 25 msec.

subunit composition of a receptor along with the timing and magnitude of local
membrane potential fluctuations determines the duration and magnitude of Ca cur-
rent through NMDARSs.

Each of the four NR2 subunits (NR2A through D) has a glutamate binding
site.!-18 However, the affinity for glutamate differs among the isoforms such that
NR2A has the lowest affinity, NR2D the highest, and NR2B and NR2C have inter-
mediate affinities. Generally, high binding affinity indicates a low dissociation rate
of glutamate from the receptor and more prolonged NMDAR opening following glu-
tamate binding. Thus, differential glutamate affinity may explain some of the vari-
ability in NMDAR deactivation kinetics. Receptors containing the NR2A subunit
generate currents that decay rapidly (t ~120 msec) in comparison to those containing
NR2B and NR2C (t ~400 msec) or NR2D (t ~5 sec).!*2!

Similarly, receptor affinity for Magnesium (Mg) also varies with the NR2 subunit
such that NR2A and NR2B are more susceptible to block by extracellular Mg and show
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greater voltage dependence than NR2C and NR2D.!%2223 Finally, single-channel con-
ductance is subunit-dependent such that NR2A- and NR2B-containing receptors con-
duct nearly twice as much current as NR2C- and NR2D-containing receptors.?0:23-23
For these reasons, activation of NR2A-containing receptors generates relatively large
and fast currents. In comparison, current influx through NR2B-containing receptors
is also large but lasts far longer. NR2C- and NR2D-containing receptors generate the
smallest and longest lasting currents. For similar reasons, receptors containing differ-
ent NR2 subunits generate Ca transients with different time courses.

The influence of NMDAR subunit composition on Ca signaling suggests that
activation of receptors composed of distinct subunit combinations may trigger differ-
ent biological pathways. This may partially explain the wide range of physiological
outcomes associated with NMDAR signaling. Moreover, regulation of receptor sub-
unit composition may provide a cell or even an individual synapse with an efficient
mechanism for determining which Ca-dependent signaling cascades are engaged.

Recent studies employing a wide range of techniques suggest this may be the
case. Immunogold electron microscopy suggests that NR2A- and NR2B-contain-
ing receptors are often segregated so that most spines express NR2A or NR2B but
not both.?® Stimulation of single postsynaptic terminals using two-photon uncag-
ing of glutamate has shown that the contributions of NR2A- and NR2B-contain-
ing receptors to NMDAR-dependent currents and evoked Ca transients vary widely
from spine to spine.?” Furthermore, antagonism of NR2B-containing receptors with
ifenprodil reduced the intraspine variability and the amplitude of NMDAR-medi-
ated calcium transients, indicating that NR2A- and NR2B-containing receptors are
present in spines and that NR2B-containing receptors flux more calcium.

A developmental switch from NR2B- to NR2A-containing NMDARSs occurs in
many brain areas.?®?° However, a recent study indicates that the subunit composition
is also rapidly regulated in response to plasticity inducing stimuli.?® Thus, induction of
long-term potentiation at CA3 to CA1 synapses in hippocampus of young rats is accom-
panied by a switch from NR2B- to NR2A-containing synaptic NMDARSs. This switch
accelerates the decay kinetics of NMDAR-mediated synaptic currents and, although
not measured directly in the cited study, should also alter the time course of NMDAR-
dependent Ca influx and Ca transients in spines.

Differential coupling to downstream signaling systems3"-3? may allow opening of
NR2A- versus NR2B-containing receptors to have different functional implications
for plasticity induction®-3* (but see references 36-38). Therefore, developmental and
activity-dependent changes in NMDAR subunit composition, through regulation of
synaptically evoked Ca influx, may constitute a form of metaplasticity that regulates
the induction of activity-dependent synaptic plasticity.

9.3 PHOSPHORYLATION-DEPENDENT REGULATION OF
NMDA RECEPTOR-DEPENDENT CALCIUM ENTRY

Regulation by phosphorylation provides a rapid means to alter the Ca permeabil-
ity of NMDARs. PKA activity enhances the Ca permeability of both NR2A- and
NR2B-containing receptors.* Furthermore, NMDAR Ca signaling is controlled
by a negative feedback loop by which repetitive activation of NR2B-containing



204 Biology of the NMDA Receptor

NMDARs activates a serine—threonine phosphatase that decreases Ca permeabil-
ity of NMDARSs.3! These data suggest that the Ca permeability of NMDARs may
be regulated by an AKAP protein complex*® associated with the NR2B subunit,
although this has not been explicitly demonstrated.

9.4 VOLTAGE-DEPENDENT REGULATION OF
SYNAPTICALLY EVOKED CALCIUM INFLUX

As discussed above, the amount of Ca entering via open NMDARs is governed
by many intrinsic features of the receptors including Ca permeability, glutamate
affinity, and Mg affinity. When a synapse is stimulated, NMDAR-dependent Ca
transients will also be shaped by extrinsic factors such as the context of receptor acti-
vation. For example, Ca current through a receptor is greatly regulated by membrane
potential. Since the membrane potential is controlled by a wide array of ion chan-
nels, the activities of many channels have the capability to shape Ca influx through
NMDARs. Furthermore, the concentration of Ca reached in postsynaptic terminals
is determined by the Ca buffering capacity, Ca extrusion rate, and diffusional isola-
tion of the terminals. This section and the following one consider the impacts of
these extrinsic receptor factors on NMDAR dependent Ca transients.

The most powerful and rapidly adjustable factor that regulates NMDAR-
dependent Ca flux is membrane potential. Changes in membrane potential alter
the driving force for Ca entry and the degree of Mg block of the receptor.*! The
vastly asymmetric distribution of Ca across membranes results in a high Ca reversal
potential (~125 mV assuming Ca concentration is 2 mM outside and 100 nM inside
the cell). Because of this large driving force, a 20 mV depolarization from rest will
reduce the driving force for Ca entry by roughly 10 to 15%. This depressive effect
is modest compared to the large enhancement of Ca entry caused by partial relief
of Mg block. As demonstrated in classic studies, the affinity of Mg for the NMDAR
is decreased nearly 10-fold by a 20 mV depolarization in the subthreshold range.*?
Thus, depolarization from —70 to —50 mV, despite decreasing the driving force for
Ca entry, increases current flow through NMDARs and the magnitude of evoked
Ca transients.

The effects of voltage-dependent Mg block on synaptically evoked Ca transients
can be seen in several contexts. In vivo, many neurons show large fluctuations in
the resting membrane potential that, when mimicked by in vitro whole cell record-
ings, exert large effects on NMDAR-dependent Ca influx. For example, in striatal
medium spiny neurons (MSNs) the amplitude of NMDAR-mediated Ca transients
in active dendritic spines increases nearly four fold with depolarization from —80 to
—50 mV.* This effect may contribute to the dependence of the induction of long-term
synaptic plasticity on resting membrane potential in these cells.**-4¢ As expected for
NMDAR-mediated signals, similar effects of resting or holding potential on synapti-
cally evoked Ca transients have been described in other cell types.!3*47

Transient changes in spine membrane potential occur during back-propagating
action potentials (bAPs) that, in many cell types, can travel from the soma into the
proximal dendrite and dendritic spines. Back-propagation of an action potential
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into the spine transiently relieves the Mg block of NMDARs. The rapid kinetics of
Mg block*® provides a brief enhancement of Ca influx through NMDARs that lasts
approximately as long as the bAP and can be seen as a nonlinear increase in Ca entry
into active spines.>6:43:49-31

Several lines of evidence indicate that, even in the absence of bAPs, the mem-
brane of an active spine or a stretch of dendrite with multiple active synapses can
experience large depolarizations that shape NMDAR-dependent Ca influx. These
dynamic effects modulate Ca influx during the synaptic potential. In both hippocam-
pal CAl and lateral amygdala pyramidal neurons, blockade of SK-type Ca-activated
K channels (SKs) modulates NMDAR-mediated synaptic currents in a Mg-depen-
dent manner.>33 These studies suggested that SKs either repolarize or hyperpolarize
the membrane near the active synapse and rapidly alter the Mg block of synaptically
activated NMDARs.

This signaling cascade has been examined in more detail in spines of hippocam-
pal CA1 pyramidal neurons? (Figure 9.2). In these cells, the blockade of SK channels
with apamin nearly doubled the amplitude of NMDAR-mediated Ca transients in
active spines. Opening of SKs in the spine is triggered by the entry of Ca through
SNX-482 sensitive voltage-sensitive Ca channels (VSCCs, presumably Ca,2.3).
Since these are high, voltage activated VSCCs, this suggests that the spine must be
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FIGURE 9.2 Model of regulation of spine head Ca transients by glutamate receptors and ion
channels. Glutamate release activates AMPARs and NMDARSs in the spine head. Opening
of AMPARs depolarizes the spine head, enhancing current flow through NMDARs by relief
of Mg block. AMPAR-mediated depolarization of the spine also activates voltage-gated Ca
channels located on spine membranes. Ca influx through Ca,2.3 channels specifically acti-
vates SK channels that repolarize the spine and terminate NMDAR signaling.
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depolarized many tens of millivolts to reach the threshold for activation of the chan-
nels. Furthermore, since the opening of other VSCCs that are known to be present
in the spine does not activate SKs, SK channels must lie in the Ca microdomain of
Ca,2.3 VSCCs, possibly due to a physical association of the two ion channels.

In addition to shaping single synapse responses, interactions of VSCCs and
NMDARs determine synaptic responses and nonlinearities during near-synchronous
stimulation of groups of synapses. Rapid activation of ~20 synapses on an individ-
ual segment of a radial oblique dendrite of a CAl pyramidal neuron generated a Ca
spike in the dendrite that was detectable in the soma as a rapid, all-or-none rising
phase to the compound EPSP.>* Interactions of NMDARs, VSCCs, and voltage-sen-
sitive Na channels in these dendrites boosted the somatic potential and the dendritic
Cainflux, presumably through increased relief of Mg block of synaptically activated
NMDARSs. Such locally confined dendritic spikes may play a role in the induction of
associative plasticity at distal synapses.>

In cortical layer 5 pyramidal neurons, activation of clustered synapses on basal
dendrites produced an NMDAR-mediated spike detectable as an all-or-nothing
~5 to 10 mV depolarization at the soma and Ca transient in the dendrite.>® The pro-
posed mechanism for this spike is that synaptic depolarization relieves Mg block of
the NMDARSs, and this increases inward current flux through the receptors, further
depolarizing the dendrite and further relieving Mg block. This positive feedback
loop is enhanced by VSCCs and voltage-sensitive Na channel opening but neither of
these channels is strictly necessary for spike initiation.

Finally, in striatal medium spiny neurons (MSNs), clustered activation of syn-
apses on a short stretch of dendrite (5 synapses in ~10 microns) also boosted syn-
aptic potentials and Ca transients in an NMDAR- and VSCC-dependent manner.>’
However, no dendrite spike was elicited and graded increases in the amplitude and
duration of the EPSP were seen. Ca influx into the active spine was enhanced, pre-
sumably due to increased relief of Mg block during the enhanced potential.

9.5 POSSIBLE EFFECTS OF COMPARTMENTALIZED
ELECTRICAL SIGNALING ON NMDA RECEPTORS

The mechanisms described above nonlinearly boost synaptic signals by modulating
the Mg block of NMDARs. They either require or are enhanced by the activation of
VSCCs. The depolarization of 20 to 40 mV required for opening high-voltage-acti-
vated VSCCs such as Cay2.3 suggests that the submillivolt unitary EPSPs measured
at the soma represent highly filtered versions of much larger depolarizations in the
spine. Since synaptic depolarization is principally mediated by current flow through
AMPARSs, these results predict that blocking AMPARSs should produce a signifi-
cant impact on synaptically evoked Ca transients in spines. The reported effects of
AMPAR blockade on synaptic Ca transients range broadly from small reductions to
complete blockades.!>!-*8

Measuring the amplitude of Ca transients may miss large effects of AMPARSs
on NMDAR-dependent Ca influx. It is likely that the potential in the spine during
synaptic activation rises quickly and, due to the activation of repolarizing currents
such as SK channels, falls quickly. For these reasons, the depolarization in the spine
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is likely brief and blocking AMPARSs may only affect NMDAR-dependent Ca influx
in a short period immediately after synaptic stimulation. Since Ca indicators slow
Ca clearance and report the integrated Ca influx through NMDARSs over hundreds
of milliseconds,*?”%:% the effects of AMPARSs on Ca influx in active spines may be
largely obscured.

To fully reveal the effects of spine depolarization of synaptically evoked Ca
transients, quantitative models of the action of Ca buffers®-% on Ca handling may
be used to calculate the Ca current into the spine. This can be accomplished by
deconvolving the Ca transient with the impulse response of the spine to a brief, small
increase in Ca.**® In regimes of linear Ca handling, this approach reveals the time
course of the Ca current into the spine. In preliminary studies using this approach,
the Ca current that underlies synaptically evoked Ca transients in spines of mouse
CAl pyramidal neurons is comprised of fast and slow components (Figure 9.1D
through F; authors’ unpublished data).

The amplitude and time course of the fast component are regulated by the
actions of ion channels in the spine such as SKs and AMPARs (Figure 9.1D through
F), whereas the slow component depends only on the number of open NMDARs.
The fast phase represents Ca influx through VSCCs and NMDARs and is modulated
by the amplitude and duration of synaptic depolarization in the spine. The slow
component outlasts the EPSP and reflects Ca influx through NMDARs after the
spine returns to its resting potential. Regulation of these two distinguishable phases
of Ca influx may have important functional consequences for activation of down-
stream Ca-dependent processes such as synaptic plasticity, although this has yet to
be demonstrated.

9.6 IMPACT OF SPINE MORPHOLOGY ON CALCIUM
SIGNALING IN DENDRITIC SPINES

The morphology of the spine may impact Ca transient in the spine head in two ways.
First, since the surface-to-volume ratio of a sphere is inversely proportional to the
radius, changes in the size of the spine head may impact both the amplitude and
kinetics of Ca transients. If Ca channels are present on the spine head at constant
density or number, the amplitudes of Ca transients should be smaller in larger spines
than in smaller spines. However, this simple relationship is not found experimen-
tally and the sizes of synaptically evoked Ca transients and spine volumes are only
poorly correlated.?’” Similarly, at a constant density of Ca transporters and pumps,
the clearance of Ca should be slower in larger spines. If Ca diffusion across the
spine neck plays an important role in clearing Ca from the head, spines with longer
and thinner necks or larger heads should clear Ca more slowly than spines with
shorter and thicker necks or smaller heads, leading to longer lasting and larger Ca
transients.?7.66-68

The role of Ca diffusion across the spine neck in clearing Ca from the spine head
is contentious. Several studies of Ca handling in the spine at room temperature led
to the conclusion that Ca diffusion across the neck is a significant mechanism of Ca
clearance and that differences in spine morphology directly account for interspine
variability in the amplitude and kinetics of Ca transients.0%-6:67.9 In contrast, studies
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performed at near physiological temperatures revealed that variability in spine neck
morphology does not significantly impact synaptically evoked Ca transients in
dendritic spines and that most Ca clearance occurs via pumping or transport from
the cytoplasm.+27-5

9.7 CONCLUSION

NMDARs contribute most synaptically evoked Ca influx into dendritic spines. Ca
influx through NMDARs depends on many factors intrinsic to receptors such as
subunit composition and phosphorylation state. Ca influx through receptors and the
properties of synaptically evoked Ca accumulations in the spine are also regulated
by many extrinsic receptor factors. These include relatively stable parameters such
as the number of ion channels and Ca pumps and the buffer capacity and morphol-
ogy of the spine. In addition, changes in the resting potentials of neurons and rapid
changes in membrane potential at synapses during synaptic potential strongly influ-
ence the amplitude and kinetics of Ca influx through NMDARs. These factors act
together to determine the amplitude and kinetics of synaptically evoked Ca tran-
sients in dendritic spines and, in ways that are not yet clear, determine the coupling
of NMDAR opening to the activation of downstream Ca-dependent processes.
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10.1 INTRODUCTION

NMDA receptors (NMDARSs), a subtype of ionotropic glutamate receptors, medi-
ate the vast majority of excitatory neurotransmission in the central brains of ver-
tebrates. NMDARs form heteromeric complexes usually comprised of a principal
NRI1 subunit and various NR2 subunits.> The NMDAR channel is highly perme-
able to Ca?* and Na*, and its opening requires simultaneous binding of glutamate
and postsynaptic membrane depolarization.!** Once activated, the NMDAR chan-
nel allows calcium influx into postsynaptic cells, where calcium triggers a cascade
of biochemical events resulting in synaptic changes. NMDARs play diverse roles
in normal central nervous system activity and development including regulation
of synaptic development and function, and refinement of synaptic connections
with experience and synaptic plasticity. NMDARs have also been widely investi-
gated as targets for pharmacological management of seizures, pain, and a variety
of neurological disorders including Schizophrenia, Parkinson’s, Alzheimer’s, and
Huntington’s diseases.>>-14

Various studies in invertebrates suggest the existence of functional NMDA-like
receptors and their requirement for synaptic and behavioral plasticity.>-’ This chapter
highlights the recent characterization of Drosophila NMDARs,>>*-33 with emphasis
on their physiological role during memory processing after Pavlovian olfactory condi-
tioning—a well-defined and widely used elemental learning paradigm.®
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10.2 NMDA RECEPTOR HOMOLOGUES IN DROSOPHILA

Three mammalian families of NMDAR subtypes have been identified: NR1, NR2,
and NR3 subunits. Eight functional isoforms of the NR1 subunit are generated by
alternative splicing of a single NR1 gene, while four distinct NR2 (A through D)
subunits and two NR3 (A and B) subunits are encoded by six different genes.?63940
The consensus is that most native NMDARS function as heteromeric tetramers com-
posed of two NR1 subunits and two NR2 subunits.? The NR1 subunit is the essential
constituent of NMDARs, expressed ubiquitously in the central nervous system.*
The NR2 subunits regulate the biophysical and pharmacological properties of the
NMDAR channel, including its high affinity for glutamate, modulation by glycine,
Mg?* block, and channel kinetics.>¢340 The NR3 subunits that appear not to be
essential components of most native NMDARs may coassemble with the NR1 and
NR2 complexes and thus regulate channel function.®*

The situation is much simpler in Drosophila where homologues of the NR1 and
NR2 subunits have been characterized. ANR1, composed of 15 exons, appears to be
the only gene encoding the fly homologue of the NR1 subunit.3%33 Although two dif-
ferent transcripts are generated by alternative splicing of the noncoding exon 1, they
differ only in the 5" untranslated region and contain the same coding sequence.*
Therefore, ANR1 encodes a single NR1 subunit, different from the rodent NR1 gene
that encodes multiple NR1 isoforms.?%3* dNR2 may also be the only gene encoding
the Drosophila homologue of the NR2 subunit.?* Consistent with the fact that most
NR2 genes are subject to alternative splicing in vertebrates,?%340 dNR2 also under-
goes alternative splicing, generating eight different transcripts that may encode three
different protein isoforms.*

The major structural features of NMDARs are well conserved in both dNR1
and dNR2,%3 including three hydrophobic transmembrane regions (TM1, TM3,
and TM4), one hydrophobic pore-forming segment (TM?2) in the carboxyl terminal
half,? and two ligand binding domains (S1 and S2) with high homology to bacte-
rial amino acid-binding proteins.*>* Also conserved are the major determinants
for ligand binding including amino acid residues in dNR1 (F430, Y432, D491, F494,
V699, S702, D747, and F769) for coagonist glycine binding*?#4-46 and those in dNR2
(E511, K591, S618, R625, T792, T798, and V841) for glutamate binding.*® Finally,
many of the binding determinants for the noncompetitive or competitive antagonists
are conserved, including the critical amino acids in dNR1 (W626, N631, and A660)
for binding of dizocilpine (MK-801) and phencyclidine*® and those in dNR2 (K591,
S618, T798, and V841) for binding of D-2-amino-5-phosphonopentanoate (AP5) and
3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (R-CPP).+748

Fly and rodent NMDARSs exhibit several interesting differences.?* Three aspar-
agine residues present in the channel-forming TM2 domains of NMDA subunits
control Ca?* permeability and voltage-dependent Mg?* block.>3%>! One such aspara-
gine residue is conserved in dNR1 (N631), but the other two are not conserved in
dNR2, suggesting that Mg?* block may be relatively weak for Drosophila NMDARSs.
Fly NMDARs may mainly interact with PDZ domain-containing proteins through
dNR1 but not dNR2, which is usually the case in mammals.’>3 PDZ domains
are found on the basis of sequence repeats in PSD-95, Dlg, and ZO-1 proteins.>*
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They can bind the carboxyl terminal sequences of proteins through a consensus sequence
present in many glutamate receptors.> The type I PDZ binding motif (X-S/T-X-V) is
not present in dANR2 although it is well conserved in all mammalian NR2 homo-
logues.’?>? Interestingly, dNR1 has a putative type 11 PDZ domain-binding motif
(X—P-X-Y in which ¥ is a hydrophobic amino acid) at its C terminus (and a poten-
tial type I PDZ-binding motif preceding this type II motif), suggesting that fly
NMDARSs may interact with PDZ domain-containing proteins via dNR1 subunits.
Finally, although the entire size and domain structures of dNR2 show high homol-
ogy to its vertebrate counterpart, its active pharmacological and physiological sites
only moderately mimic its mammalian counterparts.*

10.3 FUNCTIONAL EXPRESSION OF FLY NMDA RECEPTORS

An initial attempt to express cloned dNR1 cDNA in Xenopus oocytes failed to
generate a reliable NMDA-selective response.’® Xia et al.?3 thus re-cloned dNRI
and showed that it alone could produce weak but significant NMDA-dependent
responses in oocytes (Figure 10.1A). This weak response appears to support the
notion that dNRI1 alone can form functional NMDARs in oocytes. Notably, dNR1
has a RSS (retention signal sequence) motif at its C terminus, similar to its mamma-
lian homologues.? The motif regulates the insertion of NMDARs in cell membranes
by retaining the NR1 subunit in the endoplasmic reticulum (ER) when not assembled
in functional receptors.3%-

dNRI1 thus may be largely kept at the ER rather than inserted in membrane sur-
faces, making it possible to generate a weak response even if it can form a functional
channel. Similarly, mammalian functional NMDARs may be formed by expression
of NR1 alone in oocytes, exhibiting many of the properties of native NMDARs.*!-58
Nevertheless, one should be cautious in concluding that NR1 alone can form a
homomeric functional channel. Xenopus oocytes express endogenous XenU], a glu-
tamate receptor subunit that can assemble with mammalian NR1 to form functional
NMDARSs.” This appears to reinforce the notion that NR1 must assemble with one
or more NR2 subunits to form functional channels. However, NMDARSs formed by
NRI1 in oocytes in fact do not contain the XenU1 subunit, prompting further inves-
tigation why NRI1 alone can form functional channels in oocytes but not in mam-
malian cell lines.*!*

Coexpression of dNR1 and dNR2 in Xenopus oocytes generates much stronger
NMDA-selective responses (Figure 10.1A), consistent with the formation of highly
potent NMDAR channels when the NR1 subunit is coexpressed with NR2.236 Com-
bined expression of dNRI1 and dNR2 also exhibits several physiological features
(Figure 10.1A and B) that distinguish NMDARSs from other ionotropic glutamate
receptors, including selective activation by NMDA and L-asparate*%? and modula-
tion by glycine as the coagonist for glutamate.%

The NMDA-selective response, however, is not sensitive to Mg?* blockade in
oocytes.*® This observation highlights certain facts. First, replacement of the aspara-
gine residue in the channel-forming TM2 domain of the NR2 subunit disrupts Mg?*
block for mammalian NMDARSs.>%4 This crucial asparagine residue is replaced by
glutamine in the dNR2 subunit, suggesting that Mg?* block may be relatively weak
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FIGURE 10.1 Coexpression of dNR1 and dNR2-2 yields a functional NMDAR. A: NMDA
response in Xenopus oocytes expressing both dNR1 and dNR2-2. Oocytes injected with
dNRI and dNR2-2 cRNAs exhibited inward currents upon application of NMDA (10 mM)
but not upon application of AMPA (10 mM; bottom). Oocytes expressing dNR1 alone showed
modest inward currents upon application of 10 mM NMDA, while the oocytes expressing
dNR2-2 alone showed no significant NMDA-selective responses (top). This suggests that
dNRI and dNR2 subunits function as heterodimers to form a functional NMDAR channel.
B: NMDA, glutamate in combination with glycine, and L-asparate activate fly NMDARSs in
a concentration-dependent manner. Besides NMDA (top), coexpression of dNR1 and dNR2-
2 may be activated by glutamate in the presence of glycine as coagonist (Glu/Gly, middle)
and by L-asparate (Asp, bottom). Current responses were observed in a dosage-dependent
manner. C: Voltage dependence of NMDARSs in Drosophila S2 cells. Coexpression of dNR1
and dNR2-2 yielded a voltage-dependent effect on conductance (mean + SEM, same for all
following figures) at physiological concentrations of Mg?* (20 mM). Conductance is linear
in the absence of external Mg?* (n = 8). (Source: Reproduced from Xia, S. et al., Curr. Biol.,
15, 603, 2005. With permission.)

for Drosophila NMDARs. TM1 and TM4 domains are also important for Mg?
block,5% but both domains are poorly conserved in dNR2.33

Finally, proper external ionic conditions for oocytes and insect cells are dramati-
cally different. The appropriate Mg?* concentration for fly muscle cells, for instance,
is about 10 times higher than that for oocytes,® suggesting that fly NMDARs may
have evolved to be less sensitive to Mg?*. Nevertheless, Drosophila NMDARs may
still be regulated by Mg?* block in vivo. In support, MK-801, a compound requir-
ing binding to the asparagine residue in the NR1 subunit to execute its antagonist
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effect,* has been shown to abolish NMDAR-dependent locomotor rhythm in fly
larvae.” It also suppresses NMDA-mediated juvenile hormone biosynthesis in
cockroaches.?

Consistently, coexpression of dNR1 and dNR2 in Drosophila S2 cells reveals
voltage-dependent conductance blocked by external Mg?* (Figure 10.1C). Therefore,
the electrophysiological profile of coexpressing dNR1 and dNR2 in oocytes or S2
cells reveals most of the distinguishing characteristics of mammalian NMDARs,
including the unique requirement for coagonist and voltage-dependent Mg?* block.*?
This suggests that Drosophila likely has functional NMDARSs consisting of two sub-
units, dNR1 and dNR2.

10.4 EXPRESSION OF FLY NMDA RECEPTORS IN ADULT BRAIN

The expression of ANR1 and dNR?2 in adult brains has been extensively studied with
multiple antibodies.?>33 Both proteins are widely expressed throughout the entire
brain, including all neuropils that consist of neural processes and dendritic regions
(Figure 10.2). In the central brain, all neurons show weak expression of dNR1 and
dNR2 (Figure 10.2A and B). In both cases, immunopositive signals are detected in
the calyx of the mushroom body (MB, lower insets) and in the ellipsoid body (EB,
upper insets), a substructure of the central complex. Both proteins are also detected
throughout the optical lobes (not shown). Interestingly, many immunopositive sig-
nals are clustered as synapse-like puncta (Figure 10.2A and B, insets) and distrib-
ute along neural fibers.?* This observation indicates that dNR1 and dNR2 may be
localized to synapses, consistent with their contribution to associative learning and
memory formation (see below).

The dNR2 protein may be preferentially expressed in the ellipsoid body, as indi-
cated by strong immunopositive signals in its R4m large-field neurons from two
of the anti-dNR2 antibodies (Figure 10.2C and D). This is particularly interesting
because the ellipsoid body is a substructure of the central complex, one prominent
neuropil located in the insect central brain that forms intricate connections to a vari-
ety of brain centers and proposed to mediate communication between the two hemi-
spheres and many behavioral outputs.®”® The fan-shaped body, a closely related
substructure of the central complex, may house a short-term memory trace for visual
learning® and regulate long-term memory (LTM) formation after courtship con-
ditioning.”® Wu et al.> observed that fly NMDARSs function in the ellipsoid body
to regulate LTM consolidation after olfactory conditioning. However, it is unclear
whether dNRI1 is also preferentially expressed in the ellipsoid body.

Fly NMDARSs appear to be only weakly expressed in the mushroom body, as all
six (two polyclonal anti-dNR1, one monoclonal, and three polyclonal anti-dNR2)
antibodies do not strongly label the structure.’? The calyx, dendritic arborization
of intrinsic neurons of the mushroom body, receives efferent inputs from several
regions, including projection neurons from antennal lobes.”! The axons of these neu-
rons project rostrally as densely packed and stalk-like structures called pedunculi to
the anterior face of the brain where they split and give rise to the dorsally projecting
o and o lobes and the medially projecting B, ', and v lobes.”> Output neurons from
the MB project to many parts of the central brain.”
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FIGURE 10.2 (See color insert following page 212.) Expression of dNR1 and dNR2 proteins
in adult brain. (A) Confocal imaging of dNR1 immunostaining in whole-mount adult brain
with 0-85S, a specific polyclonal anti-dNR1 antibody. All neurons appear to show weak
expression of dNR1. The immunopositive signals were detected in the ellipsoid body (EB,
upper inset) or in the calyx of the mushroom body (MB, lower inset). Many immunopositive
signals appear as synapse-like puncta (insets), indicating synaptic localization of dNR1. (B)
Immunolabeling of dNR2 proteins with ¢-84S, a specific polyclonal anti-dNR2 antibody.
Similar to -85S, all neurons show weak expression of dNR2, and many synapse-like puncta
are found in the ellipsoid body (EB, upper inset) or in the calyx of the mushroom body
(lower inset). (C) and (D) Confocal imaging of dNR2 immunostaining in whole-mount adult
brain with a-820-1 (C) and 0-820-2 (D), two independent polyclonal anti-dNR2 antibod-
ies. Immunostaining reveals similar widespread expression of dNR2 proteins. Interestingly,
strong expression is detected in the R4m neurons of the EB, suggesting that dNR2 may be
preferentially expressed in the EB. (Source: Adapted from Wu, C.L. et al., Nat. Neurosci., 10,
1578, 2007. With permission.)

The mushroom body, one of the most prominent and well-characterized neuro-
pillar structures in the insect central brain, has long been shown to mediate associa-
tive learning and early memory processing.”*”> The weak expression of dNR1 and
dNR?2 in the mushroom body is intriguing, as targeted dsSRNA-mediated knockdown
of either protein disrupts the formation of middle-term memory,” an earlier phase of
memory processing that depends on the normal function of the mushroom body.”®
Also intriguing are the strong immunopositive signals in scattered cell bodies and
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parts of their fibers that were detected with two of these antibodies but not with the
remaining four.3>* Finally, as noted above, the ellipsoid body was preferentially
labeled with only two of the polyclonal anti-dNR2 antibodies.??3

10.5 NMDA RECEPTOR-DEPENDENT LEARNING AND
LONG-TERM MEMORY CONSOLIDATION

Accumulating evidence over the past two decades has established that NMDARs
and their downstream signaling pathways play a crucial role in the regulation of syn-
aptic and behavioral plasticity by mediating long-lasting changes in synapse strength
[long-term depression (LTD) and long-term potentiation (LTP)] in mammalian
and human brains.>'*"7-85 Opening of the NMDAR channel requires simultaneous
binding of presynaptically released neurotransmitters and postsynaptic membrane
depolarization as it is subjected to a unique voltage-dependent Mg?* block.!* This
suggests that NMDARs may serve as “Hebbian coincidence detectors” underly-
ing associative learning.®-86-°° Molecular and physiological characterization of
functional NMDARSs in Drosophila®® makes it possible to extend these finding to
invertebrates.”' %3

Using the Pavlovian olfactory conditioning paradigm involving well-defined
odors as conditioned stimuli (CSs) and footshocks as unconditioned stimuli (US),®
Xia et al. demonstrated that NMDARs are required acutely for associative learn-
ing and subsequent LTM consolidation in Drosophila.’3 By limiting rapid inducible
knockdown of dNR1 with a specific anti-dNR1 message in adults, olfactory learn-
ing is transiently disrupted (Figure 10.3A), suggesting that NMDARSs play an acute,
physiological role in associative learning. This observation rules out a potential
developmental explanation for adult learning deficits, something that past genetic
studies did not achieve.”!%3

The physiological requirement for NMDARSs during olfactory learning strength-
ens the idea that these receptors play a central role in synaptic and behavioral plastic-
ity, potentially by acting as coincidence detectors.?-8-%0 Extended (massed or spaced)
training can overcome such an acute requirement for dNR1.33 Nevertheless, the acute
adult-specific knockdown of dNR1 appears to abolish LTM, which is specifically
induced by extended spaced training (Figure 10.3B). Considering that this acute
effect is specific to LTM consolidation but not retrieval (see below), this observation
suggests that NMDARs are acutely required for LTM consolidation—an interesting
idea supported by past genetic but not pharmacological studies.**

The relevant results also support the idea that NMDARs are involved with LTM
consolidation and storage but not retrieval (Figure 10.3). The acute knockdown of dNR1,
induced 15 hr before training, disrupted initial learning after one-session training,
suggesting that NMDARs are involved in early encoding of olfactory memory
(Figure 10.3A). Such a disruptive effect on learning was reversed when knockdown
of dNR1 was induced 36 hr before training, suggesting that the dNR1 protein returns
to its preinduction level (Figure 10.3A, right panels).

LTM tested 24 hours after spaced training was specifically abolished by the
acute knockdown of dNR1 induced 15 hr before training (Figure 10.3B). The induc-
tion was delivered 15 hr before spaced training that lasted about 3 hr,”® and then LTM
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FIGURE 10.3 Disruption of olfactory learning and LTM consolidation by acute induction
of anti-dNR1 mRNA. EP331 flies contain EP elements inserted downstream of and in an
opposite orientation to the transcription start site of ANR1. The EP element yields a specific
anti-dNR1 transcript® in the presence of GAL4, a yeast transcription factor that binds to its
target sequence, UAS (upstream activation sequence, constructed in the EP element'>?), then
activates transcription of the downstream gene,'>! HS-GALA4 flies contain a GAL4 transgene
under the control of a heat shock promoter. A: Learning in transheterozygous EP331,
hs-GAL4/+, + (EP331/P26) flies was significantly reduced after heat shock (HS, arrowhead;
15 hr recovery time after heat shock; * P < 0.001) and was mildly lower in the absence of
heat shock (-HS), compared to wild-type controls (+/+; two left panels). When tested 36 hr
after heat shock, learning returned to pre-heat shock level (two right panels), suggesting
that heat shock-specific disruption of learning is transient. B: Transheterozygous EP331,
hs-GAL4/+, + (EP331/P26) flies were subjected to spaced (two left panels) or massed (two
right panels) training (gray arrow)* 15 hr after heat shock. One-day memory after spaced
training was significantly disrupted (* P < 0.05) and was normal after massed training. One-
day memory after spaced training in EP331, hs-GAL4/+, + flies, in fact, was reduced 47% to
a level similar to normal one-day memory after massed training. Typically, one-day memory
after spaced training consisted of 50% LTM and 50% ARM (anesthesia-resistant memory).
LTM was specifically disrupted in transgenic flies inducibly overexpressing CREB repressor;
one-day memory after massed training contained only ARM.?® These results suggest that
ARM is normal and LTM is completely abolished in EP331/+, hs-GAL4/+ flies after acute
disruption of dNRI. (Source: Adapted from Xia, S. et al., Curr. Biol., 15, 603, 2005. With
permission.)

was tested 24 hr after training. Therefore, LTM was tested 42 hr (15 +24 + 3) after
induction of the antisense dNRI1 transcript, a time when the dNR1 protein returned
to preinduction level, suggesting that LTM consolidation but not retrieval was abol-
ished. Spaced training can overcome the learning defect (present after one training
session) after the acute knockdown of dNR1 induced 15 hr before training,* again
ruling out the possibility that NMDARSs are involved in memory retrieval. There-
fore, Drosophila NMDARs are acutely and selectively required for early encoding
and consolidation of olfactory memory but not retrieval,’ consistent with studies of
mammals,8394.97-104

Specific abolition of LTM consolidation by acute knockdown of dNRI1
(Figure 10.3B) is similar to that produced by induced expression of a CREB-
repressor transgene and indicates a specific disruption of cycloheximide-dependent
LTM.!%5 Fly NMDARs are required for CREB-dependent LTM formation, consistent
with mammalian experiments revealing NMDAR-dependent activation of CREB
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during LTP and LTM in both amygdala and hippocampus.!%-1% The cAMP/
PKA/CREB signaling pathway plays an important role in diverse processes from
barrel formation and hippocampal LTP to learning and memory in invertebrates
and vertebrates*3:110-119; but see.120.121 Tnterestingly, two types of functionally distinct
NMDAR signaling complexes have been identified: synaptic and extra-synaptic.!?
Synaptic NMDARs can cause sustained CREB phosphorylation and CRE-
mediated gene expression. Extra-synaptic NMDARs suppress CREB activity. It
seems possible that synaptic NMDAR complexes regulate memory consolidation
by controlling nuclear signaling to CREB.

10.6 LOCALIZATION OF NMDA
RECEPTOR-DEPENDENT MEMORIES

Memory formation after olfactory conditioning proceeds through several temporal
phases, all of which have been proposed to be predominantly processed in the mush-
room body.”*” Surprisingly, dSRNA-mediated silencing of dNR1 or dNR2 in the
mushroom body disrupts middle-term memory, an earlier memory phase proposed
to be processed upstream of LTM,%%123124 without affecting LTM consolidation.
Because the mushroom body is required for LTM retrieval,3>!?4 this observation
suggests that it may be involved with LTM processing via an NMDAR-independent
pathway, and NMDAR-dependent middle-term memory in the structure may not be
necessary for LTM consolidation.

Interestingly, aging-dependent memory impairment is regulated by the amnesiac
peptide [encoding the fly homologue of PACAP (pituitary adenylate cyclase-activating
polypeptide)'?>126] and DCO (encoding a catalytic subunit of cAMP-dependent protein
kinase known as PKA!?7), and is specific to middle-term memory in Drosophila.!?8-130
Considering that both PACAP and PK A are known to mediate normal NMDAR function
through phosphorylation,3132 the appearance of NMDAR-dependent middle-term
memory in the mushroom body raises the interesting possibility that amnesiac peptide
and PKA may regulate aging-dependent memory impairment by phosphorylation of fly
NMDARs in the mushroom body.

When targeted specifically to the R4m neurons of the ellipsoid body, where
dNR2 (and presumably dNRI1) may be preferentially expressed (Figure 10.2),
dsRNA-mediated silencing of dNR2 (or dNR1%) specifically abolishes protein
synthesis-dependent LTM (Figure 10.4A and B), suggesting that the ellipsoid body
plays a critical role during LTM processing. The involvement of NMDARSs during
LTM processing is physiological rather than developmental, because induction of the
dsRNA transgene is limited to adults (Figure 10.4A and B).

The abolition is specific to LTM consolidation and storage but not retrieval
(Figure 10.4C through E). This requirement for NMDARs is also specific for a
memory phase (LTM only) and brain region (ellipsoid body, but not mushroom
body), as initial learning and early memories are normal when NMDARs are
silenced in the ellipsoid body, and LTM forms normally when these receptors
are silenced in the mushroom body.3? Therefore, functional NMDARSs contribute
specifically to the consolidation and storage, but not to the retrieval of protein
synthesis-dependent LTM in the ellipsoid body.
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FIGURE 10.4 Inducible knockdown of dNR2 specifically blocks consolidation and storage but
not retrieval of protein synthesis-dependent LTM. UAS-dsNR2 is a dsSRNA-based transgene
that can silence expression of dNR2 gene in the presence of GAL4.3? dsRNA triggers RNAi
interference, an evolutionarily conserved process of sequence-specific posttranscriptional
gene silencing.”?!153 Febl70 is a GAL4 driver that targets gene expression preferentially in
R4m neurons of the ellipsoid body.’?!>* Tub-GALS80" flies contain a temperature-sensitive
GALBO" transgene, expressed ubiquitously from the tubulin 1o, promoter.'>> At a permissive
temperature (18°C), GAL8O0" suppresses GAL4-controlled UAS transgene expression; at a
restrictive temperature (29°C), GAL80" releases the suppression so that the transgene can be
expressed. A: Adult-specific knockdown of dNR?2 using the tub-GAL8O0" repressor of GAL4-
mediated UAS-dsNR2 expression specifically abolished LTM at the restrictive temperature.
One-day memory after spaced training was significantly disrupted in Feb170/+; UAS-dsNR2/+;
GALS80%/+ (Feb170/dsNR2; GAL80") flies when shifted from 18°C to 29°C for 3 days (right;
* P < 0.05) before spaced training (SP, gray arrow) and testing (black arrow) at 29°C, but
was normal when kept at 18°C (left). B: Adult-specific knockdown of dNR2 abolished
protein synthesis-dependent LTM. One-day memory after spaced training decreased 50% in
cycloheximide (CXM)-fed wild-type flies (+/+ +CXM; left panel), but was not disrupted further
in CXM-fed Febl170/+; UAS-dsNR2/+; GAL80%/+ (Feb170/dsNR2; GAL80" +CXM) flies,
kept for 3 days at 29°C before spaced training and testing. C: One-day memory after spaced
training was normal in Febl70/+; UAS-dsNR2/+; tub-GAL80%/+ (Feb170/dsNR2; GAL80%)
flies after 4 days at 29°C, shifted to 18°C for 3 days, followed by training and testing at 18°C,
indicating a recovery of NMDAR function at permissive temperature. D: Four-day memory
after spaced training was significantly impaired in the same flies when incubated at 29°C
for 3 days, subjected to spaced training, maintained at 29°C for 1 day, then returned to 18°C
for 3 days before testing, indicating that knockdown of NMDARs for an additional day after
training is sufficient to block LTM consolidation and storage. E: A reversal training protocol
was designed to distinguish consolidation and storage defects from retrieval failures. The flies
were subjected to a second phase of reversal-spaced (RS, arrow head) training 4 days after
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These data identify for the first time a brain region outside the mushroom body
for LTM consolidation and storage. The specific involvement of the R4m subtype
large-field neurons in the ellipsoid body during LTM consolidation and storage along
with the requirement of LTM formation for neuronal activity from the mushroom
body and correlation with the appearance of an asymmetrical body near the central
complex, 24133134 supports a broader neuroanatomical circuitry involving both brain
structures that subserves olfactory memory consolidation in Drosophila.

The acute and specific requirement for NMDARs in the ellipsoid body for LTM
consolidation and storage along with the occurrence of associative learning within
or upstream of the mushroom body’7-135-138 raises the provocative hypothesis that
the acquired olfactory experience may be transferred from the mushroom body to
the ellipsoid body for LTM consolidation, in agreement with observations from other
species.?313%140 Consistent with this hypothesis, blocking the synaptic output from
the mushroom body but not from the ellipsoid body during and within the first 6 hr
after training abolished the later consolidation of LTM (Figure 10.5A and B). A sec-
ond consistent finding is that the synaptic output of the ellipsoid body is specifically
required for LTM retrieval but not for acquisition and consolidation (Figure 10.5B
and C), suggesting that NMDARSs function in the ellipsoid body to support LTM con-
solidation and storage, while neuronal activity from the structure regulates NMDAR-
independent LTM retrieval. These results reveal a distributed brain system subserving
olfactory memory formation and the existence of a system-level memory consolida-
tion in Drosophila that was previously only demonstrated in mammals.33141-143

10.7 NMDA RECEPTORS IN OTHER INVERTEBRATES

NMDARs have been shown to exist in several other invertebrate species including
Caenorhabditis elegans (nematodes),'”?' Aplysia californica, Lymnaea stagnalis,
and Sepioteuthis sepioidea (mollusks),'0-22.2328.3437 Hirydo medicinalis (annelids),?*
Procambarus clarkia and Chasmagnathus (crustaceans),>'8 and Apis mellifera
and Diploptera punctata (insects).>>?’ The characterization of those invertebrate
NMDARs was achieved through electrophysiological and/or pharmacological anal-
yses, mostly in the context of cellular recording,'3-1821:2435-37 behavior,?'-2326 and
recent molecular cloning of the NR1 homologues.?'27-28

FIGURE 10.4 (Continued) the first spaced training; the original CS— became the CS+
and vice versa. One-day memory was quantified relative to the second CS+ during reversal
training. In the absence of memory formation after the first spaced training session, reversal
memory would be expected to approach a performance index of 35. If memory formation after
the first spaced training was normal, it would counteract memory formation after reversal
training, thereby producing a performance index near zero. One-day memory after RS was
higher in the same flies than in controls when incubated at 29°C for 3 days, subjected to
spaced training, maintained at 29°C for 1 day, shifted to 18°C for 3 days, subjected to reversal
training, then tested at 18°C 1 day later, indicating normal retrieval. Therefore, functional
NMDARSs contribute specifically to consolidation and storage, but not to retrieval of a protein
synthesis-dependent LTM in the ellipsoid body. (Source: Adapted from Wu, C.L. et al., Nat.
Neurosci., 10, 1578, 2007. With permission.)
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FIGURE 10.5 Transference of memory from MB to EB during LTM consolidation. The
UAS-shi*! transgene was shown to block neuronal transmission in a temperature-dependent,
dominant-negative fashion.'”® OK107 is a GAL4 driver that targets gene expression in most
mushroom body neurons.?>!>” Wild-type (+/+), Febl70 or OK107 males were crossed to
UAS-shit! females. All progeny were raised at 18°C to minimize potential “leaky” effects of
UAS-shi*! on development. A: Flies were kept at permissive temperature (18°C) throughout
experiment. One-day memory after spaced training (SP, gray arrow) did not differ among
UAS-shit!/+ (+/shi%'), UAS-shi®'/+; OK107/+ (OK107/shi*!) or Febl170/+; UAS-shi®!'/+
(Feb170/shi*!) flies. B: Flies were shifted to restrictive temperature (29°C), subjected to
spaced training immediately thereafter, maintained at 29°C for another 6 hr, shifted back to
18°C for 18 hr and tested at 18°C. One-day memory after spaced training was abolished in
UAS-shit!/+; OK107/+ (OK107/shit*!) flies but not in Feb170/+; UAS-shi!/+ (Feb170/shi*')
flies, compared to +/shi*' controls, suggesting that neural activity from MB (but not from the
EB) is required during memory consolidation. C: Flies were subjected to spaced training at
18°C, kept at 18°C for 23 more hr, shifted to 29°C, then tested 1 hr later. One-day memory
after spaced training was impaired in UAS-shi!/+; OK107/+ (OK107/shi*!) and in Feb170/+;
UAS-shi!/+ (Feb170/shi!) flies, compared to +/shi*! controls, indicating that output of neu-
ral activity from both MB and EB is required during retrieval of LTM. (Source: Reproduced
from Wu, C.L. et al., Nat. Neurosci., 10, 1578, 2007. With permission.)

Performance Index

NMDARSs in invertebrates seem to share major structural hallmarks and some
biophysical and pharmacological characteristics with their vertebrate counter-
parts. Besides dNR1 and dNR2,3%3 the NR1 homologues have been fully cloned
in Caenorhabditis elegans,”* Lymnaea stagnalis,’® Aplysia californica,®® and Apis
mellifera.”” The partial sequence of ~400 amino acids (including the predicted trans-
membrane segments, pore-forming regions, and ligand-binding regions) was also
cloned for the NR2 homologue (NMR-2) in Caenorhabditis elegans.'® All seven fully
or partially cloned receptor subunits contain all the signature features of NMDARSs
including three hydrophobic transmembrane segments (TM1, TM3, and TM4), one
hydrophobic pore-forming region (TM2), two ligand-binding domains (SI and S2)
with high homology to bacterial amino acid-binding proteins,*>* and the highly
conserved SYTANLAAF amino acid sequence in TM3.19.21.27.28.33

Most of the amino acids for glycine binding in the NR1 homologues?!2728.33
and glutamate binding in the NR2 homologues are well conserved.'** In addition
all five fully cloned NR1 homologues contain one or more putative PDZ binding
motifs,?-27:28:33 allowing them to interact with PDZ domain-containing proteins and
thus form huge signaling complexes.?>-3144 Consistently, the basic biophysical char-
acteristics of NMDARSs appear to be conserved in most if not all of these invertebrate
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species including selective activation by NMDA, modulation via glycine as the coag-
onist for glutamate, calcium permeability and even relatively slow kinetics, as sup-
ported by electrophysiological experiments.!>-18:21:24.25.29.33

Invertebrate and mammalian NMDARSs exhibit certain pharmacological simi-
larities. MK-801, for example, has been shown to block NMDA-selective responses
or NMDA-dependent processes in all the invertebrate models tested.?!-23:23.26.29
It binds to the same asparagine residue in the channel-forming TM2 of the NR1
subunit that also controls the calcium permeability and voltage-dependent Mg?*
block.23%5! This residue is conserved in all the invertebrate NR1 homologues cloned
to date.21*27*28'33

Mammalian NMDARSs emerged as major targets for studying synaptic and beha-
vioral plasticity since their discovery in the 1970s.27->* Many pharmacological
studies of invertebrate NMDARs focused on their contributions to long-term synaptic
plasticity and memory formation.??-242635-37 In particular NMDAR-dependent LTP
of the Aplysia sensorimotor synapse mediates associative learning of the withdrawal
reflexes, leading to a hypothesis that classical conditioning in Aplysia is partially
mediated by Hebbian-type LTP due to the hypothetical activation of NMDARs
located at postsynaptic neurons.*-3” The hypothesis has been further elaborated,
assuming that the critical role of NMDARSs is paralleled during long-term synaptic
plasticity both in Aplysia and mammals.'*>46 Since the molecular identities of the
NR1 homologues (AcNR1-1 and AcNR1-2) were identified,?® this hypothesis may be
further explored.

Nevertheless, invertebrate and vertebrate NMDARs reveal substantial differ-
ences. In particular, the two asparagine residues controlling calcium permeability
and Mg?* block?*%3! are not conserved in both dNR2 and NMR-2, leading to a less
sensitive Mg?* block in Drosophila® and possible absence of Mg?* block in Cae-
norhabditis elegans.?' Similarly, Mg?* block is relatively weak!>16-25 and even absent!’
in other invertebrate species, suggesting that NMDARs may have evolved to be
increasingly sensitive to Mg?* blockade. Also, the active pharmacological and physi-
ological binding sites appear less conserved in invertebrate NR2 homologues.!*?
Some antagonists including AP5 and R-CPP are less effective and showed no block
effects in some experiments.!7-21:2%

10.8 SUMMARY

Molecular and physiological characterizations of cloned dNR1 and dNR2 reveal
functional NMDARS in Drosophila that consist of dNR1 and dNR2 subunits. Co-
expression of dNR1 and dNR2 in Xenopus oocytes or Drosophila S2 cells produces
an electrophysiological profile exhibiting most of the distinguishing properties
specific to mammalian NMDARs including selective activation by NMDA and L-
aspartate, modulation by glycine as a coagonist for glutamate and voltage- and Mg?*-
dependent conductance.

Genetic analyses of the dNR1 gene reveal an acute and physiological role for
NMDARSs in associative learning and subsequent LTM consolidation. This extends
genetic findings in vertebrates to invertebrates. Many intracellular signaling pro-
teins are known to be physically associated with vertebrate NMDARs.144147 Obvious



226 Biology of the NMDA Receptor

Drosophila homologues can be identified for most of these proteins and many have
been shown to be important for associative learning and memory formation.!12148.149
It will be important identify more of the biochemical signaling pathway from
NMDAR to CREB during LTM formation and the functional genomics of NMDAR-
dependent memory consolidation.

Subsequent identification of the ellipsoid body for LTM consolidation and
storage supports a much broader and more complex neuronal circuitry subserving
memory consolidation in Drosophila. Distinct components of this extensive neuronal
circuitry seem to be independently involved with different temporal stages of memory
consolidation, with the mushroom body responsible for acquisition and earlier
memory processing, while the ellipsoid body specifically controls LTM consolidation
and storage. This discovery implies a “transference” of memory from one anatomic
location (mushroom body) to another (ellipsoid body) as consolidation progresses.

The conservation of functional NMDARs and their involvement during behavioral
plasticity in invertebrates further demonstrate that a unified mechanism may under-
lie associative learning and memory across species. Because behavioral plasticity is
tightly associated with synaptic plasticity, we speculate that similar cellular mecha-
nisms of NMDAR-mediated long-term changes including LTP and LTD may also exist
in the insect brain. We expect that Drosophila genetics will likely continue to discover
additional genes and signaling pathways important for these forms of plasticity.
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11.1  INTRODUCTION

A number of natural and synthetic molecules including polyamines, protons, Zn?*
steroids, redox reagents, ifenprodil, and ethanol are modulators of NMDA receptors
(NMDARSs), acting at extracellular sites on the receptors to increase or decrease
macroscopic currents and Ca?* flux through NMDA channels. Some of these modu-
lators, for example Zn?*, polyamines, and protons, are endogenous molecules that
may exert important regulatory effects on NMDARs under physiological and/or
pathological conditions. Others, for example ifenprodil, are synthetic molecules
that serve as experimental tools to study the properties of NMDARSs and receptor
subtypes and may provide lead compounds for the development of therapeutically
useful NMDAR antagonists.

This chapter provides an overview of some of these modulators, with a
focus on polyamines, ifenprodil, and Zn?" and on recent studies detailing their
mechanisms of action, interactions, and proposed sites of action on NMDARs.
Much of the early work in this area was reviewed previously!-!! and is not dealt
with in detail in this chapter. Similarly, the list of citations at the end of this
chapter is not exhaustive; rather, it draws on recent and older publications
to present an overview of how the field has developed and where it stands at
present (mid 2007).
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11.2 POLYAMINES

Effects of the endogenous polyamines, spermidine and spermine (Figure 11.1) on
NMDARSs were first observed in ligand binding assays in which the polyamines were
found to increase binding of the use-dependent open-channel blockers [PH]MK-801
and [*H]TCP!>- 15, It was proposed that polyamines bind to unique sites on NMDARs
distinct from the agonist binding sites to potentiate receptor activity and thus poten-
tiate binding of [FHJMK-801.213 Subsequent work demonstrated effects of poly-
amines on the function of NMDARs studied electrophysiologically using both native
and recombinant receptors.'-?7 In studies of macroscopic NMDA currents recorded
from neurons and oocytes or mammalian cells expressing recombinant receptors,
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FIGURE 11.1 Structures of the endogenous polyamines, spermidine and spermine (A), and
of ifenprodil and related antagonists that selectively inhibit NR1/NR2B receptors (B).
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FIGURE 11.2 Model of the NMDAR to illustrate some of the effects and interactions of the
various binding and modulatory sites. The receptor is gated by coagonists glutamate (Glu)
and glycine (Gly), and currents are potentiated or inhibited by spermine, ifenprodil, and pro-
tons. Not all known interactions are shown. The effects of some modulators (e.g., Mg?*) are
simplified; certain modulators (e.g., Zn?*, steroids, redox reagents) are not illustrated. Num-
bers refer to mechanisms or interactions discussed in the text.

four effects of spermine were described and the effects could be studied in relative
isolation by adjusting experimental conditions such as the membrane potential and
agonist concentration.

One effect of spermine is to increase the size of whole-cell currents evoked by saturat-
ing concentrations of glutamate and glycine, so-called glycine-independent stimulation—
somewhat of a misnomer since it requires glycine. The key point is that stimulation is
seen in the presence of saturating concentrations of glycine (mechanism 1, Figure 11.2).17-
20.22.24-27 At least part of this effect involves a decrease in desensitization of NMDARs in
the presence of spermine.” Spermine can also alter deactivation of NMDARs.?

Protons inhibit NMDARS, with a tonic inhibition of 40 to 50% at physiologic pH
(mechanism 2, Figure 11.2), and there is evidence that spermine stimulation involves
a relief of tonic proton inhibition (mechanism 3, Figure 11.2).%3 This stimulation is
subunit-dependent and is seen at NR1/NR2B receptors but not at binary NR1/NR2
receptors containing NR2A, NR2C, or NR2D.?¢-273! Furthermore, the effects of sperm-
ine and protons are both reduced in NR1/NR2B receptors containing splice variants
of the NRI subunit that include the exon-5 insert.'$?430 This 21-amino acid insert is
located in the extracellular amino terminal domain (ATD) or regulatory (R) domain of
the NR1 subunit (Figure 11.3A). The exon-5 insert, containing six basic (Lys or Arg)
residues,’?33 may act as a spermine-like moiety, changing the conformation of the R
domain and thus its interactions with other domains, or the insert may interfere with the
binding of spermine or the modulatory effects of protons (mechanism 4, Figure 11.2).

If spermine stimulation involves a relief of tonic proton inhibition (mecha-
nism 3, Figure 11.2), there is a conundrum because spermine can alter deactivation
and desensitization of NMDARs including recombinant NR1/NR2B receptors!®?
whereas protons do not affect deactivation or desensitization of these receptors.’*
Relief of proton inhibition may represent only part of the mechanism of sperm-
ine stimulation at these receptors and changes in deactivation and desensitization
involving proton-insensitive gating mechanisms may also be involved.
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FIGURE 11.3 Domain-based structures of NMDAR subunits. A: Schematic of an NMDAR
subunit with two large extracellular domains—the regulatory R domain (comprised of R1
and R2) and the S1/S2 agonist binding domain—and a membrane-spanning/pore-forming
core domain comprised of M1-M4. The R domain is also referred to as the amino terminal
domain (ATD or NTD) or the LIVBP-like domain because of its homology with bacterial leu-
cine—isoleucine—valine binding protein (LIVBP).53-5570.113115 In some other glutamate receptor
subtypes, the R domain has been referred to as the X domain.!"!¥5 The NR1 subunit gene is
subject to alternative splicing of its mRNA, including the insertion or deletion in the R domain
of a 21-amino acid peptide encoded by exon-5. NR1 subunits have short intracellular C terminal
domains. NR2 subunits have larger intracellular C terminal domains important for traffick-
ing, attachment to intracellular scaffolding proteins, and regulation by intracellular factors (not
illustrated). B: Intact receptors are proposed to be tetramers composed of dimers of heterodim-
ers (NR1-NR2 dimers) based on studies of tandem subunits®® and x-ray crystallographic studies
of the S1/S2 domains of NR1 and NR2A. These domains form heterodimers with an interface
between NR1 and NR2A.%2 The dimer interface is indicated by hatching between the S1/S2
domains of NR1 and NR2. Whether the R domains of NR1 and NR2 subunits interact in a
heteromeric or a homomeric fashion in intact receptors or even if they interact at all is unknown
although evidence indicates that the R domain of an AMPAR GluR1 subunit can form dimers
and that four R domains are located in close proximity in intact GluR1 receptors.®® Similarly,
in intact GluR receptors, the R domains appear to exist as dimers.*

A second effect of spermine is so-called glycine-dependent stimulation seen in the
presence of subsaturating concentrations of glycine (mechanism 5, Figure 11.2).16.22.26
This effect appears to be due to an increase in the affinity of the receptor for glycine
(mechanism 5, Figure 11.2) and is distinct from glycine-independent stimulation
(mechanism 1) because it is seen at both NR1/NR2A and NR1/NR2B receptors (as
opposed to only NR1/NR2B), it is not affected by the presence of the exon-5 insert
in NR1, and it is not sensitive to extracellular pH.” Thus, it may involve a second,
distinct spermine binding site (Figure 11.2).

A third effect of spermine is to reduce the sensitivity to glutamate (or other
glutamate site agonists) at NR1/NR2B receptors (not illustrated), presumably by
reducing the affinity of the receptor for glutamate.” The result is that spermine
stimulation is smaller at subsaturating concentrations of glutamate than at saturating
concentrations. This effect is seen at NR1/NR2B receptors but not at NRI/NR2A,
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NRI/NR2C, or NRI/NR2D receptors and is likely mediated via the spermine bind-
ing site responsible for glycine-independent stimulation (mechanism 1).2%3!

The fourth effect of spermine is voltage-dependent channel block due to binding
of spermine within the ion channel pore at a site near to or overlapping the bind-
ing sites for extracellular Mg?* (Figure 11.2).2!22:35-37 Voltage-dependent block by
spermine and by related natural and synthetic polyamines has been reported for
different types of cation channels including some subtypes of AMPA receptors, kai-
nate receptors, and inward rectifier K* channels that are blocked by intracellular
spermine.’-3¥-46 Spermine is a weak blocker of NMDA channels compared to the
other types of cation channels.

Whether endogenous polyamines are involved in modulation of NMDARs
in vivo is still unknown. The effects of intracellular polyamines on AMPA chan-
nels and inward rectifier K+ channels where polyamines are responsible for rectifica-
tion, are well-established.”384748 The role, if any, of extracellular polyamines in the
nervous system is unclear. Selective polyamine transport systems have been identi-
fied in neurons and glia* and depolarization-evoked release of polyamines has been
described.!”** Since NR1/NR2B receptors are most sensitive to polyamine stimula-
tion and NR2B is the predominant subunit expressed in embryonic and neonatal
forebrain,>*-52 polyamines have pronounced effects during the development of the
nervous system—a time when polyamine levels in the brain are higher than in the
adult nervous system—and may conceivably play a role in NMDA-dependent plas-
ticity during development.

11.3 STRUCTURES OF NMDA RECEPTOR SUBUNITS
AND RELEVANCE TO THE POLYAMINE SITE

Mutations at a number of residues in the R domain of the NR1 subunit can reduce
spermine stimulation and reduce sensitivity to protons; these residues may form
part of a spermine binding site in the R domain of NR1.>* The R domains of gluta-
mate receptor subunits are proposed to be bilobar, similar in structure to the S1/S2
domains, based on homology with bacterial amino acid—binding proteins such as the
leucine—isoleucine—valine binding protein (LIVBP) as well as weak homology with
the amino terminal domain of the metabotropic glutamate receptor-1.33-57
X-ray crystallographic studies show that the S1/S2 domains of several glu-
tamate receptors including NMDARs do indeed have such bilobed or clamshell
structures.’®-% The S1/S2 domains (and presumably entire subunits) of NR1/NR2A
receptors assemble as dimers of heterodimers, i.e., as two sets of NRI/NR2A
dimers®? (Figure 11.3B). Although no high resolution structural data are available for
a glutamate receptor R domain, evidence from single-particle electron microscopy
supports the idea that the R domains can exist as dimers (presumably corresponding
to the S1/S2 dimers to which they are attached) and, interestingly, that their positions
or orientations can change during receptor activation or desensitization.
Evidence from biochemical studies also suggests that R domains can assemble
as dimers but, at least in the case of NR1/NR2A receptors, as homodimers (i.e.,
NRI1-NR1 and NR2A-NR2A) or that entire subunits can assemble as homodimers
with the R domain being important for assembly.®’-% At first glance, this appears
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to contradict data from x-ray crystallographic studies of NR1/NR2A receptors in
which the isolated S1/S2 domains are assembled as heterodimers (i.e., NR1-NR2A;
Figure 11.3B).®? It is possible that homodimers of NR subunits are formed during the
initial assembly and trafficking of the subunits, followed by later formation of het-
erodimers and assembly of the final, intact four-subunit receptor, or that the forma-
tions of some types of dimers are artifacts of the experimental conditions. Another
possibility is that heterodimers are formed initially involving contacts between
S1/S2 domains of native NR1 and NR2 subunits and that homodimerization of the
R domains is involved in subsequent assembly of tetrameric NMDARs. This would
differ from the assembly of AMPAr channels in which the R domains are important
for the formation of initial heterodimers and contacts between the S1/S2 domains
(together with other determinants) are important for the subsequent assembly of het-
erodimers into tetramers.>”’° In this context, it is notable that the fundamental gating
mechanisms of NMDARs and AMPA receptors are different. NMDARs undergo
concerted channel opening, requiring the simultaneous binding of two molecules
of glutamate and two molecules of glycine. AMPARs undergo subunit-specific gat-
ing in which binding of glutamate to one subunit causes partial opening, binding to
two subunits causes further opening, and so on, with full opening requiring bind-
ing of glutamate to all four subunits.”"”> Based on the fundamental differences in
gating mechanisms, it is not unreasonable to suppose that differences also exist in
the rules that guide subunit assembly and quaternary structures of NMDARs and
AMPA receptors.

NR1 NR2 )
. . Ifenprodil (NR2B),
Spermine Spermine . o, (NR2A)

????????5’? e Q322232
8868888685 880888508

@: Mutations in these regions have the largest effects on pH sensitivity

FIGURE 11.4 Putative locations of spermine, ifenprodil, and Zn?* binding sites and domain-
based organization of NR1 and NR2 subunits. In NR1/NR2A and NR1/NR2B receptors,
spermine may bind to the R domain of NR1 and to a second site in the R domain of NR2.
Ifenprodil may bind within the cleft of the R domain in NR2B. Zn?** may bind to a homolo-
gous site in the R domain of NR2A. Glutamate binds in the cleft of the S1/S2 domain of the
NR2 subunit and glycine binds to a homologous site in the NR1 subunit. Residues at which
mutations produce the largest shifts in proton sensitivity have been identified in M3, in the
M3-S2 linker, in S2 just distal to that linker and just proximal to the S2-M4 linker, and in
the S2-M4 linker as shown by circled stars.
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Based on homology modeling of the structure of the R domain, the putative
spermine binding site appears to lie outside the central cleft of the NR1 R domain.>
The identity of the endogenous ligand (if any) that binds within the cleft is unknown
(see Figure 11.4). Evidence also indicates a discrete spermine binding site on the NR2
subunit, at least with regard to NR2A and NR2B?*. This is shown in Figure 11.4.

It is possible that the spermine binding site on NR1 is responsible for glycine-
independent stimulation and a second site on NR2A or NR2B underlies glycine-
dependent stimulation, but no direct evidence supports this hypothesis. Nonetheless,
it would be consistent with the effects of the exon-5 insert (mechanism 4, Figure 11.2)
present in the R domains of some slice variants of NR1 (Figure 11.3A) that reduces
glycine-independent spermine stimulation but not glycine-dependent stimulation at
NR1/NR2B receptors. Similarly, mutations in the R domain of NR1 that affect glycine-
dependent stimulation do not affect glycine-independent stimulation by spermine.’

11.4 IFENPRODIL

Ifenprodil (Figure 11.1) was originally developed as a vasodilator, based on its activ-
ity as an a1 adrenergic antagonist.”””® Studies in the 1980s and early 1990s demon-
strated that it was also a noncompetitive NMDAR antagonist with a novel profile and
mechanism of action.””-82 Widespread interest in the properties of ifenprodil as a tool
to study NMDARSs and as a potential lead compound for novel therapeutic agents
followed the discovery that it is a highly selective antagonist for receptors containing
the NR2B subunit.?38 Ifenprodil was considered an atypical antagonist®? because it
was noncompetitive and subtype-selective but did not act as an open-channel blocker
like MK-801 and phencyclidine. Ifenprodil is sometimes called an ‘allosteric antago-
nist’ (just as spermine and other modulators are referred to as allosteric modulators),
but in the absence of a detailed mechanistic understanding of how ifenprodil binds
and what it does after it binds to NMDARs, the allosteric designation is probably
best avoided.

Other compounds with structures similar to ifenprodil, including haloperidol
and nylidrin (Figure 11.1), were subsequently found to be selective for NR1/NR2B
receptors®>%¢ and additional NR2B-selective antagonists were developed based on
the structure of ifenprodil. These compounds include CP-101,606, Ro 8-4304, and
Ro 25-6981 (Figure 11.1) and are presumed to share the same binding site as ifenpro-
dil on NMDARs.#-# In addition to their subtype selectivity, ifenprodil and related
antagonists exhibit a novel form of use-dependency that may contribute to a favorable
in vivo profile if these compounds are eventually used in clinical settings.3%°

11.5 STRUCTURES OF NMDA RECEPTOR SUBUNITS
AND RELEVANCE TO THE IFENPRODIL SITE

Ifenprodil and related compounds such as Ro 25-6981 are several hundred-
to several thousand-fold more potent at NR1/NR2B receptors than at NR1/NR2
receptors containing NR2A, NR2C, or NR2D. For example, the ICs, of ifenpro-
dil was reported to be 0.3 uM at NR1/NR2B receptors and 146 uM at NR1/NR2A
receptors—a selectivity of about 500-fold.?* Several explanations may account for
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FIGURE 11.5 Where is the ifenprodil binding site on NR1/NR2B receptors? The schematics
show the domain-based organization of the NR1 and NR2B subunits. Mutations within the R
domains of NR1 and NR2B (small circles) alter sensitivity to ifenprodil, which could bind to
the R domain of NR2B (A), the R domain of NR1 (B), or both R domains (C).

the selectivity of ifenprodil for heteromeric NR1/NR2B receptors. The ifenprodil
binding site may be located on the NR2B subunit (Figure 11.5A) and be absent or
have a much lower affinity on NR2A, NR2C, and NR2D. Another possibility is
that the ifenprodil binding site is located on the NR1 subunit and its properties or
transduction mechanisms are influenced by NR2 subunits, requiring NR2B for high
affinity inhibition (Figure 11.5B). A third possibility is that the binding site involves
regions in both NR1 and NR2B (Figure 11.5C). The weight of the available evidence
suggests that ifenprodil binds to the NR2B subunit as illustrated in Figure 11.5A,
possibly within the cleft of the bilobed R domain (analogous to binding of glutamate
or glycine in the S1/S2 domains). The evidence comes largely from site-directed
mutagenesis studies in which mutations in the R domain of NR2B reduced ifenpro-
dil inhibition of recombinant NR1/NR2B receptors studied electrophysiologically.>
The same mutations also reduced the ability of ifenprodil to protect against proteo-
lytic degradation of an isolated, purified soluble NR2B R domain.* In other studies,
an isolated soluble NR2B R domain was found to bind ifenprodil with high affinity
(Kd, 0.13 uM) based on shifts in circular dichroism.’!

Interestingly, residues at which mutations in NR2B produced the most pro-
nounced effects on sensitivity to ifenprodil or ifenprodil-like ligands are in positions
analogous to residues in NR2A that appear to form the high affinity Zn?* binding
site.>*592 Surprisingly, many of these residues are actually identical in NR2A and
NR2B, despite the marked differences in the chemical natures of ifenprodil and
Zn?*. Equally surprising, in light of the large degree of selectivity of ifenprodil for
NR1/NR2B over NR1/NR2A, is that many residues in the proposed ifenprodil bind-
ing site of NR2B are identical to their corresponding residues in NR2A, at least
on the basis of alignment of linear amino acid sequences.> This may suggest that
only one or two key residues influence selectivity for ifenprodil or that the overall
structure or folding of the R domain in NR2B is somewhat different from that of
the R domain of NR2A despite their close sequence similarity in regions that affect
sensitivity to ifenprodil. By homology modeling, these residues were proposed to lie
within the cleft between the two lobes of the R domain.>*>
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Although the evidence favors a high affinity ifenprodil binding site on the NR2B
subunit (Figure 11.5A), it has also been shown that mutations in the R domain of
NRI1 can exert profound and selective effects on ifenprodil inhibition at NR1/NR2B
receptors. Based on homology modeling, these mutations are in a region of the
NRI R domain that is likely outside the cleft (Figure 11.5). It is possible that at
least part of the ifenprodil binding site in intact NR1/NR2B receptors is formed by
regions in the R domain of NR1 (Figure 11.5C). Alternatively, some mutations in
NR1-R may disrupt the properties of the NR2B R domain, particularly if these muta-
tions are at an interface between the NR1 and NR2B subunits, perhaps at an inter-
face between adjacent R domains. It is also notable that ifenprodil inhibits apparent
homomeric NR1 receptors expressed in Xenopus oocytes with a potency similar to
that at NR1/NR2B receptors®* consistent with the idea that a high affinity ifenprodil
binding site can be formed by the NR1 subunit alone, although the question whether
these recombinant NR1 receptors are truly homomeric or involve the inclusion of
endogenous Xenopus NR2-like subunits is still unresolved.”®

Like AMPA receptors, NMDARSs are thought to be tetramers,”*+% likely
assembled as dimers of dimers,®>¢ although there is also evidence consistent with a
pentameric rather than a tetrameric subunit structure for NMDARs."%® Assuming
a tetrameric structure (a similar argument holds if the receptor were a pentamer),
then each receptor must have two identical and presumably equivalent ifenprodil
binding sites just as it has two glutamate binding sites and two glycine binding sites.
In the case of glutamate and glycine, the agonist concentration—response curves are
steep, with Hill coefficients close to 2.0, suggesting cooperativity of binding of the
agonists. In the case of ifenprodil, the Hill coefficient for inhibition of NR1/NR2B
receptors is close to 1.0,° suggesting, perhaps surprisingly, that there is no positive
or negative cooperativity between the two ifenprodil binding sites.

In triheteromeric receptors engineered to contain one NR2A subunit and one
NR2B subunit together with two NR1 subunits, ifenprodil was found to inhibit
responses with high affinity (via the NR2B subunit) but the maximum degree of
inhibition was greatly reduced.”? A similar profile was seen for high affinity inhibi-
tion of these receptors by Zn?*; high affinity inhibition mediated via the NR2A sub-
unit (see below) was still present, but the degree of inhibition was greatly reduced.
This may suggest that the R domains can influence channel gating in an independent
rather than a concerted manner®>—in contrast to the concerted gating of the channel
by agonist binding to the S1/S2 domains.”*-?

Initial studies suggested that ifenprodil acts as an antagonist at the stimulatory
polyamine site,!% but subsequent work has shown this to not be the case,’%* and
ifenprodil is thought to bind to a distinct site on the NMDAR (Figures 11.2 and 11.4).
This is consistent with results from mutagenesis studies in which different residues
were found to influence sensitivity to ifenprodil and spermine.>

Ifenprodil inhibits currents activated by glutamate and glycine (mechanism 6,
Figure 11.2), and this effect is not voltage-dependent but is dependent on agonist con-
centration. Nonetheless, there are documented interactions between spermine and
ifenprodil. Spermine can reduce the affinity of the receptor for ifenprodil and, con-
versely, ifenprodil can reduce the affinity for spermine.'”' Spermine can affect pro-
ton inhibition (mechanism 3, Figure 11.2) and protons can, in turn, affect ifenprodil
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inhibition (mechanism 7, Figure 11.2) and vice versa (mechanism 8, Figure 11.2).
Thus, spermine may indirectly alter sensitivity to ifenprodil by changing proton sen-
sitivity of the receptor.

The use-dependent properties of ifenprodil arise because the affinity for ifenpro-
dil is increased by glutamate binding and vice versa (mechanism 9, Figure 11.2).8%% In
addition, ifenprodil reduces the affinity for glycine at NR1/NR2B receptors (mecha-
nism 10, Figure 11.2), which presumably contributes to its inhibitory effects at these
receptors. 3283102

In addition to its interactions with spermine, inhibition by ifenprodil is also
dependent on extracellular pH, and it was proposed that the mechanism of action
of ifenprodil is to potentiate tonic proton inhibition.!* Inhibition of NR1/NR2B
receptors by ifenprodil is increased at acidic pH and reduced at alkaline pH, i.e.,
protons increase the apparent affinity for ifenprodil (mechanism 7, Figure 11.2).%°
At the same time, ifenprodil (and similar NR2B-selective antagonists) can enhance
the inhibitory effects of protons at NR1/NR2B receptors, and this may be the major
mechanism that underlies ifenprodil inhibition (mechanism 8, Figure 11.2).1 The
presence or absence of the exon-5 insert or the addition of spermine produces only
modest effects on sensitivity to ifenprodil and related compounds. These effects
are likely indirect due to changes in proton sensitivity (mechanisms 3, 4, 7, and 8,
Figure 11.2).30:99.103

11.6 ZINC IONS

Zinc ions are present in high concentrations in some areas of the nervous system
and may modulate synaptic transmission.!*+1> Their effects on NMDARs were first
described in studies of native receptors on isolated neurons in which Zn** was found
to be a potent inhibitor of NMDA currents.!?6-19 That work indicated that Zn?* likely
had two effects at native NMDARs (at that time receptor subunits had not yet been
cloned and NMDAR subtypes were uncharacterized): a relatively high affinity inhi-
bition that was not voltage-dependent, presumed to be mediated at a unique extra-
cellular site on the receptor, and a low affinity, voltage-dependent block, possibly
mediated at the Mg?* binding site or at a nearby site within the channel pore.!96-108
Subsequent studies characterized effects of Zn?* on recombinant NMDARs. Pro-
nounced differences in subunit-dependent sensitivity to Zn?** were reported, and
recent studies have identified potential Zn?* binding sites in the R domains of NR2
subunits and shed some light on the mechanism of action of Zn?*.

Initial studies of recombinant NMDARs found marked differences in the sen-
sitivity to Zn** of NR1/NR2A and NR1/NR2B receptors. At NR1/NR2B receptors,
Zn? inhibition was not voltage-dependent and was monophasic with an ICs, of 0.5
to 9 uM.1%°-11 In contrast, inhibition at NR1/NR2A receptors was biphasic, with a
high affinity component (ICs, 5 to 80 nM) that was not voltage-dependent and a low
affinity component (ICs, 26 to 79 uM) that was voltage-dependent.!®-"! This low
affinity, voltage-dependent component likely represents a weak open-channel block
by high concentrations of Zn?*. Another discovery was that residual or contaminat-
ing traces of Zn?* in experimental solutions can produce marked inhibitory effects
at NR1/NR2A receptors, and that solutions should be buffered with a Zn?* chelator
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such as tricine (certainly for low concentrations of Zn?*) to accurately determine the
concentration-dependence of Zn?* inhibition at these receptors.''1> At NR1/NR2C
and NR1/NR2D receptors, Zn** was subsequently found to have an even lower affin-
ity than at NR1/NR2B receptors.!'3

Putting aside the low affinity, voltage-dependent block of NMDA channels by
Zn?*, the difference uncovered in early studies of recombinant receptors was a very
high affinity inhibition at NR1/NR2A receptors versus a lower affinity inhibition at
NR1/NR2B receptors. Another difference was that inhibition at NR1/NR2B recep-
tors was monophasic and complete (Zn?** produced a complete inhibition of NMDA
currents), whereas the high affinity inhibition at NR1/NR2A receptors was incom-
plete. Zn?* inhibited responses by only 40 to 70%.!9%-112.114

This is reminiscent of the effects of ifenprodil at NR1/NR2B receptors, where
the maximum inhibition is about 80 to 90% at physiologic pH.33 Interactions occur
between high affinity Zn?* inhibition of NR1/NR2A receptors and proton inhibition
at these same receptors, and it was proposed that the mechanism of Zn?* inhibition
involves an increase in tonic proton inhibition at NR1/NR2A receptors, analogous
to the proposed mechanism of ifenprodil inhibition at NR1/NR2B receptors (equiva-
lent to mechanism 8, Figure 11.2).112115.116 T the proposed model of Zn?* inhibition
of NR1/NR2A receptors, binding of glutamate to the S1/S2 domain led to increased
affinity for Zn?* in the R domain and binding of Zn?* led to a conformational change
that enhanced binding of protons to proton-sensitive gating elements leading, in turn,
to a reduction in channel open probability.!4.116

11.7 STRUCTURES OF NMDA RECEPTOR SUBUNITS
AND RELEVANCE TO THE Zn?** SITE

Swapping the R domains between NR2A and NR2B led to reciprocal changes in
sensitivity to Zn?* and ifenprodil.’*3 Thus, NR2B subunits containing R domains
of NR2A showed very high sensitivity to Zn?* (similar to the native NR2A subunit)
whereas NR2A subunits containing R domains of NR2B showed high sensitivity to
ifenprodil (similar to the native NR2B subunit) and a reduced sensitivity to Zn?*.545
Mutations at a number of positions in the R domain of the NR2A subunit produced
marked and in some cases specific effects on inhibition by Zn?+54112.115.117

Using homology modeling based on LIVBP and related proteins, the residues
that affect Zn?* sensitivity were proposed to lie within the cleft of the R domain of
NR2A>* (Figure 11.6). Some of these residues are conserved between NR2A and
NR2B, and may form part of the high affinity Zn?* binding site in NR2A and the
ifenprodil binding site in NR2B.3*>> However, there are a few other residues that are
identical or similar in NR2A and NR2B at which mutations affect Zn?* sensitivity in
NR2A but not ifenprodil sensitivity in NR2B and vice versa.>*>

As with most mutagenesis studies, the results may mean that the residues (their
side chains or peptide bond backbones) (1) interact directly with Zn?* and ifenprodil,
(2) are key components of the backbone of a binding pocket, or (3) interact with water
molecules within the binding site that in turn make contacts with Zn?* and ifenprodil.
Structural studies will be required to determine whether Zn?* and ifenprodil really bind
within the R domain clefts and what role particular residues play in those domains.
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FIGURE 11.6 Putative locations of Zn?* binding sites in NR1/NR2A and NR1/NR2B
receptors and domain-based organization of these receptors, with a high affinity Zn** binding
site in the cleft of the R domain of NR2A and a lower affinity site in the homologous region
of the R domain in NR2B. Zn?" can also produce a voltage-dependent block by binding to
a site within the channel pore. In the absence of the R domain of the NR2 subunit voltage-
dependent block by Zn?*, a residual, very low affinity Zn?* inhibition is seen that may involve
a Zn”* binding site on the R domain of the NR1 subunit.

As with ifenprodil, if the Zn?* binding site lies within the cleft of the R domain
in the NR2 subunit, then each tetrameric receptor must have two presumably identi-
cal and equivalent Zn?** binding sites. Again, as with ifenprodil acting at NR1/NR2B
receptors, the Hill coefficient for inhibition of NR1/NR2A receptors by Zn?* is close
to unity,!01131417 sugoesting a lack of cooperativity between the two Zn?** bind-
ing sites. As discussed above with regard to ifenprodil, triheteromeric NR1/NR2A/
NR2B receptors still had a very high affinity for Zn?* acting at the NR2A subunit,
but the degree of inhibition by Zn** was greatly reduced.”?

Although there is good evidence for localization of the high affinity Zn?* bind-
ing site on the NR2A subunit (Figure 11.6), the NR1 subunit can also influence Zn?*
sensitivity of NR1/NR2A receptors. Thus, the exon-5 insert in the R domain of the
NRI1 subunit (Figure 11.3A) has been shown to alter inhibition by Zn**,'!8 as have
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mutations at residues in the extracellular region preceding M1 and in the M3-M4
loop region, both of which contribute to the S1/S2 domain in the NR1 subunit.!8!11°
However, the effects of these mutations on sensitivity to Zn** may be indirect and
arise from changes in pH sensitivity and/or changes in the redox state of the receptor
protein, both of which can alter Zn?* inhibition in NR1/NR2A receptors.!'3:11

Results of studies using truncated NR2 subunits in which the R domain was
removed and the remainder of the subunit was intact, and studies of point mutations
in the R domain of NR2B suggest that the low affinity Zn>* binding site in NR2B
is located in the R domain and is structurally homologous to the high affinity Zn?
binding site in NR2A (Figure 11.6), and that this site in NR2B shares many struc-
tural determinants with the ifenprodil binding site in NR2B and the high affinity
Zn?* binding site in NR2A.!""> Absent an R domain in the NR2 subunit, NR1/NR2A
and NR1/NR2B receptors are still inhibited by Zn?*, albeit with very low affinity
similar to NR1/NR2C and NR1/NR2D receptors.!!* This suggests the presence of
yet another, very low affinity Zn?* binding site that must be located somewhere other
than the R domain of the NR2 subunit.

One possibility is that the very low affinity site is located on the R domain of
the NR1 subunit (Figure 11.6). It is notable that some splice variants of NR1, when
expressed as homomeric NR1 receptors, are inhibited by Zn?* whereas others are
potentiated by Zn?*. The presence or absence of the exon-5 insert located in the
R domain of NR1 influences sensitivity to Zn?+.!° However, this interpretation is
complicated by the interactions between Zn>* inhibition and proton inhibition, and
by the fact that proton inhibition is, itself, influenced by the absence or presence of
the exon-5 insert.3%113

11.8 PROTONS AND EXTRACELLULAR pH

Protons and thus extracellular pH exert profound effects on NMDARSs over the nor-
mal physiologic pH range. The effects of protons were discussed in the preceding
sections because of their interactions with modulation by polyamines, ifenprodil,
and Zn?*. An investigation and understanding of proton modulation of NMDARs
developed concurrent with studies of those other modulators, and proton inhibition
may represent a common denominator linking the effects of the other modulators
and a common end point through which those modulators exert their effects on acti-
vation of NMDA channels (mechanism 2, Figure 11.2). Thus, spermine stimulation
may at least in part involve a relief of tonic proton inhibition (mechanism 3, Fig-
ure 11.2) whereas inhibition by ifenprodil and Zn* may involve an increase in tonic
proton inhibition (mechanism 8, Figure 11.2).

As with many other modulatory effects characterized at NMDARs, effects of
extracellular pH were first documented in studies of native NMDARs expressed on
isolated neurons.!?'-124 Protons inhibited NMDA responses with an ICs, around pH
7.0 to 7.3, indicating that the receptors were tonically inhibited by about 50% at
physiologic pH. Proton inhibition is not voltage-dependent and presumably does not
involve block of the ion channel pore.!?!-124 The effects of protons involve a decrease
in channel opening frequency but not changes in unitary conductance or dwell
time.3+121123.124 At recombinant NR1/NR2B receptors, proton inhibition can occur
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independent of agonist binding, and it was suggested that protonated receptors are
shifted into a state from which they cannot open.3

It was assumed that the effects of protons were due to protonation of one or more
ionizable residues on the extracellular surface of the NMDAR.!?!-124 Studies of recom-
binant receptors have begun to uncover the molecular bases for proton inhibition,
but the site and mechanism of proton inhibition remain unclear and do not appear to
involve only one (or even several) ionizable residues on the NR1 or NR2 subunit.

Proton sensitivity of NMDAREs is influenced by the exon-5 insert in the NR1 sub-
unit. The presence of the insert reduces proton inhibition.** The mechanism under-
lying this effect is not understood, but the insert may function similar to spermine
to alter the conformation of the R domain that influences proton-sensitive gating
of the intact receptor. Proton sensitivity is also influenced by NR2 subunits; recep-
tors containing NR2C are much less sensitive to protons than receptors containing
NR2A or NR2B.!?’ However, most mechanistic studies of pH sensitivity focused on
NR1/NR2A and NR1/NR2B receptors.

Mutations in various regions of the NR1 subunit were reported to affect proton
sensitivity in NR1/NR2 receptors. These include mutations in the R domain,376:115.113
the S2 portion of the S1/S2 domain formed by the loop between M3 and M4,2%125.126
the linker between M3 and S2,'> and at the critical Asn residue in the M2 loop that
controls Mg?* block and Ca?* permeability of the channel.® Some of these residues,
particularly those in the R domain and within the channel pore, likely have indirect
effects on pH sensitivity rather than being ionizable residues that directly form part
of a ‘proton sensor’ on the NMDAR. Residues in NR1 at which mutations have
the largest effects on proton sensitivity are clustered in several regions that may be
important for channel gating—at the top of M3, in the M3-S2 linker, in S2 near that
linker, and in S2 near the S2-M4 linker (Figure 11.4).1%°

Results of other studies showed that the M3 and M3-S2 linker regions are asso-
ciated with gating; movement of the M3 domain may be critical for channel gat-
ing.74127130 Residues that appear to be important for proton sensitivity have been
identified in similar regions of the NR2A subunit—in the M3 domain and in the
S2-M4 linker (Figure 11.4).125 Structural differences in the S2-M4 linker regions
of NR2C versus NR2A or NR2B appear to account for the reduced proton sensitiv-
ity of NR1/NR2C receptors compared to NRI/NR2A or NR1/NR2B receptors.'?
Whether any of these residues form part of a proton sensor per se, or whether the
mutations have indirect effects on proton sensitivity are still unknown.

11.9 WHITHER NEXT?

In the early 1990s, the cloning of cDNAs encoding NMDAR subunits and the subse-
quent widespread availability of these clones ushered in the era of molecular studies
of NMDARs.32:33131-136 This activity followed molecular studies of AMPA receptors
and kainate receptors begun in 1989 with the cloning of the GluR1 AMPA receptor
subunit and the subsequent cloning of cDNAs encoding a family of related GluR
subunits.!37138

Subunits of NMDARs, AMPARs, and kainate receptors were recognized as
members of the same superfamily of genes, likely with common ancestors and



Extracellular Modulation of NMDA Receptors 249

similar tertiary and quaternary structures. Subsequent work from many laborato-
ries focused on the effects for agonists, antagonists, and intra- and extracellular
modulators of NMDARSs at the molecular level, often combined with studies of the
properties and proposed structures of the receptor subunits and their interactions
with other intracellular or membrane-bound proteins. Some of that work is reviewed
in this chapter and elsewhere in this book. However, even when coupled with homol-
ogy modeling and powerful algorithms for structure prediction, the results of muta-
genesis and similar studies do not provide definitive information about the locations
of binding sites for modulators or their mechanisms of action and interactions. These
studies provide important clues and allow the formulation of testable hypotheses and
descriptive models such as those illustrated in Figures 11.3 through 11.6.

Another major step forward in molecular studies of glutamate receptors came
in 1998 with the determination of a high-resolution x-ray crystallographic structure
of the S1/S2 domain of a GluR2 AMPA receptor subunit®®, following the demon-
stration three years earlier, that it was possible to isolate and purify a GluR subunit
S1/S2 fusion protein that retained the glutamate binding site with appropriate phar-
macological characteristics.’*® The 1998 work> confirmed that the S1/S2 domain is
composed of two major lobes; that it is structurally related to bacterial amino acid
binding proteins such as the glutamine binding protein (QBP); that glutamate (or
the agonist kainate) binds within the cleft between the two lobes; and that glutamate
receptor subunits can thus be considered to have modular architectures, perhaps
arising minimally during evolution from a combination of two or three genes encod-
ing an ion channel and one or more amino acid—binding proteins. The structures of a
number of other GIuR subunit S1/S2 domains have also been reported, in some cases
with an agonist, partial agonist, or antagonist bound within the domain cleft, lead-
ing to detailed models of the binding and activation of these receptors,>83%.64.65.140-144
Recently, structures for the S1/S2 domains of the NMDAR NR1 and NR2A subunits
have been reported, providing crucial new insights into activation, regulation, and
desensitization of NMDARs.60-62.63.75

Three extracellular modulators discussed in this chapter—spermine, ifenprodil,
and Zn?**—are thought to bind to the R domains of NMDAR subunits. High resolu-
tion structural studies of the R domains, both in isolation and together with the S1/S2
domains and ultimately together with the pore-forming regions, will be required to
elucidate definitively the sites and mechanisms of action of these modulators. For
example, if ifenprodil really does bind within the cleft of the R domain in NR2B,
does it promote closure of the cleft, analogous to glutamate binding within the cleft
of the S1/S2 domain of GluR1 and glycine binding within the cleft of the S1/S2
domain of NR1?%% If so, how does that structural change in the R domain ulti-
mately translate into a reduction of current through the channel and/or to a change
in proton inhibition mediated elsewhere in the receptor protein? Or does ifenprodil
stabilize an open conformation of the R domain in NR2B? If so, how does that affect
receptor activity? Is there an interface between the R domains of the NR1 and NR2
subunits and, if so, are there interactions between these domains? The exact same
questions can be asked of Zn?* at the NR2A and NR2B subunits if it binds within the
clefts of the R domains on the subunits (Figure 11.6). Similarly, if spermine binds
elsewhere on the R domain (Figure 11.4), what is its site and mechanisms of action?
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What is the spatial relationship of the R domain and the S1/S2 domain, and
does this change during receptor activation or desensitization? A powerful experi-
mental approach, single particle electron microscopy, has begun to provide tentative
and fascinating information about the structure, position, and role of R domains
in AMPA receptor GluR subunits.®® Clearly, the models and hypotheses outlined
in Figures 11.3 through 11.6 beg many questions for experimentation when tech-
niques such as x-ray crystallography and single particle electron microscopy can be
applied to isolated R domains and larger structural components of NMDAR sub-
units (e.g., R—S1/S2; NR1-R-NR1-R; NRI-R-NR2-R; etc.) and to fully assembled
NMDARs together with the biochemical and functional approaches already being
applied to the study of these receptors.
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12.1 INTRODUCTION

The discovery of NMDA receptors (NMDARs) was made possible by the synthesis
and study of NMDA (Figure 12.1) and various NMDAR antagonists by Jeff Watkins
and colleagues.' These compounds, most notably (R)-o.-aminoadipate ((R)-o-AA) and
(R)-2-amino-5-phosphonopentanoate (Figure 12.2), were shown to block neuronal
responses to applied NMDA, but not to block responses to kainate or quisqualate.?>
As aresult, NMDARSs were shown to represent a distinct subpopulation of excitatory
amino acid receptors.

Over the next several years, these and other NMDAR antagonists led to the
discovery that NMDARSs play key roles in synaptic transmission, synaptic plastic-
ity, learning and memory, neuronal development, excitotoxicity, stroke, seizures,
and many other physiological and pathological processes. These studies generated
great excitement about the potential use of NMDAR antagonists to treat neuro-
pathological and neurodegenerative diseases. However, with the exception of the
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use of memantine for Alzheimer’s disease, the development of NMDAR-targeted
therapeutics has been disappointing. Several agents failed in clinical trials due
to adverse effects and/or a lack of clinical efficacy. Despite this disappointment,
NMDAR therapeutics continue to exhibit significant potential. Of the multiple drug
binding sites on the various NMDAR subunits, many potential types of NMDAR
antagonists exist, and some of these reveal distinct patterns of selectivity. This chap-
ter will summarize the current understanding of the various sites of drug action on
the NMDAR complex.

NMDARs are heteromeric complexes composed of four subunits derived from
three related families: NR1, NR2, and NR3 subunits.*® The well-characterized
glutamate- and glycine-responsive NMDAR requires both NR1 and NR2 subunits.
The NRI1 subunit contains a glycine binding site,”® while the homologous domain
on the NR2 subunit contains the (S)-glutamate binding site.>!® Multiple lines of
evidence suggest that a single NMDAR complex contains two NR1 subunits and two
NR2 subunits.!! The NR3 subunit can complex with NR1 subunits to form a glycine-
responsive excitatory receptor that does not require L-glutamate.'?

The NR1 subunit gene consists of 22 exons; exons 5, 21, and 22 can be alternatively
spliced to produce eight distinct NR1 isoforms.'>™* As discussed below, exon 5 of
NRI1 inserts a 21-amino acid sequence in the N-terminal extracellular domain that
significantly alters receptor responses to pH and polyamines such as spermine.!
The other two alternative splice cassettes are at the intracellular C terminus and
do not affect NMDAR pharmacological properties.'* The three NMDAR families
(NR1, NR2, and NR3) display 27 to 31% identity to each other. Within the NR2
family, NR2A and NR2B are more closely related to each other (57%) than to NR2C
or NR2D (43 to 47%), which are closely related to each other (54%). Thus, with
respect to the NRI/NR2 NMDAR complex, the pharmacological heterogeneity is
primarily determined by the NR2 subunit and exon 5 of the NR1 subunit.

NMDAR pharmacology has its basis in the domain structure of the NMDAR
subunits. Each subunit is composed of an extracellular amino terminal, four hydro-
phobic segments (M1 through M4), and an intracellular carboxy terminal.>¢ Each
subunit contains two regions that have homology to bacterial amino acid—binding
proteins. The first 350 amino acid residues contain the amino terminal domain (ATD)
that has homology to the bacterial amino acid—binding protein known as LIVBP
(leucine—isoleucine—valine binding protein).!>!7 This region is thought to be an allo-
steric regulatory domain that binds zinc in NR2A and polyamines in NR2B.!8-20

The second structure with homology to bacterial amino acid—binding proteins
is the glutamate—glycine binding domain formed by the pairing of two discrete
segments, S1 and S2. S1 is a sequence of 120 amino acids located between the
ATD and the first transmembrane domain (M1). The S2 segment is found on the
extracellular loop between the third and fourth hydrophobic domains (M3 and
M4). Together, S1 and S2 form a bilobed structure with structural homology to the
bacterial leucine—arginine—ornithine binding protein (LAOBP).?! The (§)-glutamate
and glycine binding sites are found in the cavity between the two lobes of the S1/52
structure in NR2 and NRI1 subunits, respectively.

The ion permeating channel represents an additional drug binding site, a
binding site for NMDAR channel blockers such as PCP, MK-801, and memantine
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FIGURE 12.3 Structures of antagonists that bind to a site inside the channel of NMDAR
complex.

(Figure 12.3). The channel structure is structurally related to potassium channels
wherein one hydrophobic segment forms a P loop within the membrane and this
segment is flanked by transmembrane domains.?>?* The P loop contributes to the
selectivity filter of the channel. Near the tip of this loop is a critical asparagine
residue that is important for the binding of several channel blockers. The other
transmembrane domains contribute to the pore lining in the extracellular facing half
of the membrane and thus can contribute to channel blocker binding.

12.2 PHARMACOLOGY OF THE NR2 GLUTAMATE BINDING SITE
12.2.1 AGONISTS

Early structure—activity studies established that an ideal structure for activating
NMDARs (and for activating EAA receptors in general) is represented by
(S)-glutamate.! Excitatory activity requires one positive and two negative charge
centers. The positive charge center (e.g., NH;*) should be positioned o to a carboxyl
group. For optimal agonist action, the two negative charge groups (preferably both
carboxylic acids) should be separated by four carbon—carbon bond lengths, and the
o carbon should be in the S configuration. These findings are consistent with the
three-point attachment pharmacophore model proposed by Curtis and Watkins?* and
recently confirmed by the publication of the X-ray crystal structure of glutamate
bound to the ligand binding core of NR2A.? The o acid group can also be a sulfonate
or a tetrazole. In the latter case, the carbon chain should be shorter, (as in the very
potent tetrazol-5-glycine NMDAR agonist?¢ (Figure 12.1).

NMDA is several-fold weaker as an agonist than (S)-glutamate. However, NMDA
has a low affinity for the plasma membrane transporters and thus can appear more
potent than glutamate in some physiological assays. It is perhaps surprising that
such a simple structure as NMDA is so selective; in the micromolar range, NMDA
displays no activity at other glutamate receptors. The critical difference between
NMDARs and the non-NMDA ionotropic glutamate receptors that allow NMDA to
bind in the NR2 subunit binding pocket is an aspartate residue (D731 in NR2A) that
is a glutamate residue in the AMPA and kainate receptors. This residue binds the
agonist’s amino group and by being one methylene group shorter in the NR2 subunit,
allows space for the N-methyl group of NMDA.?

By incorporating ring systems into the glutamate structure, rigid glutamate ana-
logues that are potent NMDAR agonists have been developed. They mimic the active,
partially folded, conformation of (S)-glutamate and include homoquinolinate,?’
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(2S,1'R,2'S) 2-(carboxycyclopropyl)glycine (L-CCG-I1V),?$% (1R,3R) 1-aminocyclo-
pentane-1,3-dicarboxylic acid (ACPD),*® and 1-aminocyclobutane-1,3-dicarboxylic
acid (ACBD).3!-3 See Figure 12.1 for structures. With resolution of the NR2A crys-
tal structure with (S)-glutamate bound, the precise features that underlie high affin-
ity (S)-glutamate binding are now known.?’

12.2.2 ANTAGONISTS

The first NMDAR antagonists were variations of the (§)-glutamate structure. For
example, by extending the glutamate backbone by one carbon, antagonist activity
was observed for (RS)-a-AA.3* Antagonist activity arose from the (R) isomer.?*
(R)-a-AA (Figure 12.2) was found to inhibit NMDA-evoked depolarizations while
having little effect upon kainate- or quisqualate-evoked responses.'>3¢ Hence,
NMDA was shown to activate a receptor that is distinct from those activated by
kainate or quisqualate. Even greater antagonist potency was found by replacing
the ® carboxy group of (R)-0-AA with a phosphonate group, resulting in (R)-2-
amino-5-phosphonopentanoate ((R)-AP5 or D-APS5, Figure 12.2)*-%°, also known
as D-2-amino-5-phosphonovalerate (D-APV). For both (R)-0-AA and (R)-APS5,
extending the chain length by adding a —CH, group diminished affinity, yet adding
two carbons to the chain restored potency ((R)-o-aminosuberate and (R)-2-amino-7-
phosphonoheptanoate (Figure 12.2), respectively).

As found for agonists, glutamate binding site antagonists display at least three
charge centers, one positive and two negative.* The two negative charge centers are
generally provided by a carboxyl group that is o to an amino group and by a distal
acid group that is frequently a phosphonate group. The positive charge center can
be provided by a primary or secondary amine. The distal phosphonate group may
provide two charge—charge interactions with a receptor since phosphonates provide
significantly greater affinity than a corresponding carboxylate or sulfonate.** The ®
phosphonate group of NMDAR antagonists can sometimes be replaced by a tetra-
zole,* but this modification reduces potency. The chiral carbon attached to both the
carboxyl and amino groups generally should be in the R configuration.

Further increases in antagonist potency can be achieved by constraining the AP5/
AP7 chain in various ring structures and by adding specific groups (bulky hydro-
phobic groups, methyl groups, or double bonds) to this backbone. Several potent
and selective NMDAR antagonists are generated by incorporating the APS5 or AP7
backbone into a piperidine or piperazine ring (see Figure 12.2 for structures). Hence,
4-phosphonomethyl-2-piperidine carboxylic acid (CGS19755)# is a potent AP5 ana-
logue where the amino group is part of a piperidine ring, and 4-(3-phosphonopropyl)
piperazine-2-carboxylic acid (CPP)*?#* is a potent AP7 analogue incorporated into
a piperazine ring (Figure 12.2). A further increase in potency results when a double
bond is introduced into the carbon chain of D-CPP to make D-CPPene [(R,E)-4-(3-
phosphonoprop-2-enyl) piperazine-2-carboxylic acid].®

A variety of other ring structures and additional groups have also been shown
to increase the antagonist potency of the basic APS/AP7 structure. The addition of
a cyclohexane ring (NPC 17742),%6 biphenyl group (EAB 515),*” methyl group plus a
double bond (CGP 37849),*% and quinoxaline ring* all yield compounds of increased
affinity for NMDARs. Unlike the parent compound, the ethyl ester of CGP 37849,
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CGP 39551 displayed oral bioavailability as an anticonvulsant, presumably acting as
a prodrug form of CGP 37849.48

A photoaffinity probe has been developed based on the structure of CGP
39653.° NMDAR antagonists with benzene rings include a variety of phenylglycine
and phenylalanine derivatives with a wide range of potencies.’3 The incorporation
of the unsaturated bicyclic decahydroisoquinoline ring or a partially unsaturated
tetrahydroisoquinoline ring into the AP7 backbone produced a wide variety of
NMDAR antagonists of varying activities.’' The phosphono derivative LY 274614
was the most potent. Interestingly, some of these compounds display distinctive
NMDAR subtype selectivities.’>> A number of radioligands have been developed,
e.g., FHJAP5,4% [PH]CGS19755,% [*H]CPP,”” and [*H]JCGP 39653*% (K, value
7 nM). The latter is potent enough to be used in a filtration binding assay, facilitating
compound throughput. These ligands, however, are limited to the labelling of NR2A-
or NR2A- and NR2B-containing NMDARs. In contrast, (S)-[*H]glutamate can label
all four NR2 subunits.>

The general rules listed above for NMDAR antagonist activity have few exceptions.
One example is the preference for six-bond lengths between the acidic groups to achieve
optimal activity. The insertion of a chlorinated quinoxaline ring® into the (R)-AP6
structure results in oi-amino-6,7-dichloro-3-(phosphonomethyl)-2-quinoxalinepropanoic
acid (I in Figure 12.2), a highly potent NMDAR antagonist. Likewise, the addition of a
cyclobutane ring into D-AP6 yields two 1-aminocyclobutanecarboxylic acid derivatives
(ACPED in Figure 12.2) that are antagonists.*°

While for most potent NMDAR antagonists the R configuration at the o carbon
has greater activity than the corresponding S isomer, some S isomer antagonists
are more potent, for example, the EAB515-related antagonists in which a biphenyl
(or triphenyl) group is incorporated into the AP7 chain. The S isomer displays higher
affinity than the R isomer.%' Likewise, the bicyclic decahydroisoquinoline LY-235959
(Figure 12.2) has greater activity associated with the S isomer.>!

Pharmacophore modeling studies describe the optimal antagonist structure as
having 5.1 to 6.6 A between the two negative charge centers.®>-6* This conforms
to the straight chain, piperazine, and piperidine phosphonate antagonists such as
(R)-AP5, (R)-CPP, and CGS19755. However, in the biphenyl/phenanthrene antago-
nists, (2R*,35%)-1-(4-phenylbenzoyl)piperazine-2,3-dicarboxylic acid (PBPD) and
(2R*,35%)-1-(phenanthrenyl-2-carbonyl)piperazine-2,3-dicarboxylic acid (PPDA),
the distance between the two carboxyl carbons is 3.4 A (see Figure 12.2). The struc-
ture has two carboxylic acids separated by only three carbon—carbon bonds and
an additional carbonyl group four bond lengths away from the amino carbon. Site-
directed mutagenesis results support molecular modeling studies indicating that a
histidine residue in the active site interacts with the distal carboxyl group in PPDA
but does not interact with the phosphonate group in CGS19755.%° Thus, the pharma-
cophores for PPDA and CGS19755 are not identical.

12.2.3 NR2 SuBUNIT SELECTIVITY OF GLUTAMATE BINDING SITE LIGANDS

NR2 subunits provide the greatest potential for pharmacologically distinguishing
different types of NMDARs. This subunit family is generated by four distinct genes,
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each coding for a slightly different glutamate binding site and different ATD regula-
tory sites.%-70 They also contribute similar (but not identical) channel lining struc-
tures. In contrast, the NR1 subunits are generated by only one gene that produces
identical glycine binding sites and identical channel-lining residues.”” The exon 5
extracellular alternative splice site introduces a modified ATD region. Since NR2
subunits also confer distinct physiological and biochemical properties to NMDARs,
the selective blockade of differing NR2 subunit types should yield compounds with
distinct therapeutic and adverse effect profiles.

An important consideration for subunit-specific antagonists is to define their
actions in a heteromeric receptor complex. Functional NMDARs are thought to consist
of two NR1 subunits and two NR2 subunits,!'7? although some tetrameric NMDAR
complexes may contain NR3 subunits.”> Coimmunoprecipitation studies indicate
that multiple types of NR1 subunits and NR2 subunits may be coassembled into
the same receptor complex.”*7® Physiological studies indicate that both glutamate-
and glycine-binding sites must be occupied to achieve channel activation.”” Thus,
an NMDAR with both NR2A and NR2B subunits may be highly sensitive to a
selective NR2A glutamate-binding site antagonist and an NR2B glutamate-binding
site antagonist. Agents acting at the ATD regulate activity via domain—domain
interactions; hence their actions in a heteromeric assembly may depend upon the
specific complex.

Another possibility is that the subunit in the heteromeric assembly may alter
the pharmacological specificities of adjacent subunits. For example, the glycine-site
antagonist CGP 61594 displays nearly a 10-fold higher affinity in a complex con-
taining NR2B subunits than those containing NR2A subunits.”® The adjacent NR2
subunit alters the pharmacological specificity of the NR1 subunit. Similar examples
can be found for kainate receptor complexes. If NR2 subunits can likewise alter
the pharmacological specificity of an adjacent NR2 subunit, NMDARSs may possess
even greater pharmacological diversity. To date, however, studies of native NMDARs
expressed in rat brains identified only four pharmacologically distinct populations of
glutamate recognition sites.”>’>80 The anatomical distribution and pharmacological
profile of these four pharmacologically distinct sites correspond well to the four NR2
subunits in the brain.%-34

No glutamate-binding site antagonists display high degrees of NR2-subunit selec-
tivity. In a survey of more than 75 compounds at native NMDARs,% most displayed
similar weak selectivity patterns corresponding to the highest affinity at NR2A with
progressively lower affinities at NR2B, NR2C, and NR2D. This is the typical pattern
observed for antagonists such as (R)-AP3, (R)-CPP, and CGS-19755.3¢ Of the com-
pounds examined, only large, multiring antagonists (biphenyl compounds EAB515
and PBPD and the bicyclic decahydroisoquinoline LY233536) displayed varied selec-
tivity patterns confirmed via recombinant receptors.> Each exhibited reduced relative
affinity for recombinant NR2A-containing receptors; EAB515 and PBPD had higher
affinities for NR2B- and NR2D-containing receptors; and LY233536 had higher affin-
ity for NR2B- and NR2C-containing receptors. LY233536 displayed approximately
10-fold selectivity for NR2B- over NR2A-containing receptors at both recombinant?
and native NMDARs.#? Nevertheless, each of these compounds displayed low levels
of selectivity that limit their utility.
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In characterizing a series of derivatives of PBPD, a higher affinity compound
PPDA (Figure 12.2) displayed a small improvement in selectivity for NR2C-
and NR2D-containing NMDARs.878 PPDA has been successfully used to
demonstrate that long-term potentiation and long-term depression are mediated
by pharmacologically distinct NMDARs?® and that NMDAR-mediated synaptic
responses in adult hippocampal CA3-CAl synapses have two pharmacologically
distinct components.”® This agent has been improved via a closely related compound
known as UBP141 (Figure 12.2). It should be useful for distinguishing NR2B and
NR2D subunit-containing NMDARSs because it displays a several-fold higher affinity
for NR1/NR2D receptors than for NR1/NR2B receptors and intermediate affinity
for NR1/NR2A.

Another large, quinoxaline-2,3-dione based antagonist with unusual sub-
unit-selectivity is the widely-used NR2A-selective antagonist NVP-AAMO77
(Figure 12.2)°! Tt displays a 100-fold selectivity for human NR2A-containing
NMDARSs compared to NR2B-containing receptors. At rodent NMDARSs, however,
the degree of selectivity is about 10-fold.?”?2-%* NVP-AAMO077 also has high affinity
for NR2C subunits and lower affinity for NR2D-containing receptors®’ and thus is
modestly selective for NR2A and NR2C subunits.

A major challenge in developing agents to distinguish NR?2 subunits is the highly
conserved aspect of the glutamate-binding pocket.® Of the amino acid residues that
line the binding pocket, only a few are variable between NR2 subunits and all are at
a distance from the central glutamate binding core. Modest differences also exist in
the selectivity of small antagonists such as (R)-CPP and (RS)-4-(phosphonomethyl)-
piperazine-2-carboxylic acid (PMPA, Figure 12.2).37 While (R)-CPP displays a
50-fold higher affinity for NR2A than for NR2D subunits, the two-carbon shorter
analogue PMPA shows only a five-fold difference in affinity. Hence, the NR2 subunits
appear to have structural differences in the binding pocket. Recent modeling studies
suggest that the position of helix F in the S2 domain of NR2A is slightly different in
NR2D.% This places a small groove in the NR2D subunit that can accommodate the
methyl group of the agonist (25,4R)-4-methylglutamate and thus contributes to the
46-fold higher affinity displayed by NR2D subunits for this compound.

Most agonists studied to date exhibit the reverse selectivity patterns of most
small antagonists; agonists tend to have high affinities for NR2D > NR2C > NR2B >
NR2A subunits. In large surveys of compounds at native NMDARs® and at recom-
binant receptors,” homoquinolinate stands out as having higher affinity for NR2A-
and NR2B-containing NMDARs.

12.3 PHARMACOLOGY OF GLYCINE BINDING SITE ON NR1
12.3.1 AGONISTS

Glycine binds to the S1S2 site on the NR1 subunit and is a necessary coagonist
for activation of NMDARs.%%%7 Initially it was thought that endogenous levels of
extracellular glycine were enough to saturate the glycine binding site; however, later
studies suggest that this is not the case and it may be possible to develop positive
modulators of NMDAR function via interaction with the glycine binding site.*®
Amino acids such as (R)-alanine and (R)-serine (Figure 12.4) display high affinities
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FIGURE 12.4 Structures of agonists and partial agonists that interact with the glycine bind-
ing site on NR1.

for the glycine site and behave as full agonists.”® Conformationally constrained ana-
logues of glycine such as ACPC, a cyclopropyl analogue,'%%1%" and ACBC, a cyclobu-
tane analogue,'%? are partial agonists with different degrees of efficacy. At lower
doses, they show antischizophrenic properties in animal models but this effect is
reversed at higher doses when they act like antagonists.! Other partial agonists
include HA-966 (Figure 12.4), one of the first compounds identified as an NMDAR
antagonist,* and L-687,414.104

Interestingly, the cocrystal structures of the NR1 ligand binding core with the
partial agonists ACPC and ACBC show the same degrees of domain closure as found
in the complex with the full glycine agonist.!®> Thus the mechanism by which partial
agonism occurs for the NR1 subunit is distinct from that of the related GluR2 AMPA
receptor in which partial opening of the binding domains results from partial agonist
binding; full agonists stabilize the closed form and antagonists the open form.!06:107

12.3.2 ANTAGONISTS

The development of antagonists acting at a glycine binding site associated with an
NMDAR and the therapeutic potential of such compounds were reviewed® and the first
full antagonist found to bind to the glycine site was kynurenic acid (Figure 12.5).108109]¢
was nonselective and antagonized a range of glutamate receptors. The AMPA/kainate
receptor antagonists designated CNQX and DNQX (Figure 12.5)!° also act as weak
NMDAR antagonists.!!! These lead compounds were used as templates to develop
more potent antagonists via structure—activity relationship studies.

Structural modification of kynurenic acid led to a series of potent antagonists
such as 5,7-dichlorokynurenic acid (5,7-DCKA),""? 1.-683,344,'12 1.-689,560,!13
L-701,324,""* GV150526A,'> and GV196771A"¢ (see Figure 12.5). Analogues of
CNQX such as ACEA-1021'"7 (Figure 12.5) were described as potent and selective
glycine site antagonists, but quinoxalinedione derivatives suffered from poor
water solubility. A SAR study of the quinoxaline-2,3-dione structure provided
o-phosphoalanine-substituted compounds with >500-fold selectivity for the glycine
site (compared to AMPA receptors), enhanced water solubility, and excellent in vivo
anticonvulsant activity.!'® Pharmacophore models for the NMDAR glycine site?®11%120
have been superseded by X-ray crystal structures of antagonists bound to the ligand
binding core of NR1.!?!

Glycine site antagonists have improved therapeutic ratios (retain anticonvulsant,
neuroprotective, and analgesic properties and exhibit reduced psychotomimetic
effects) in comparison to conventional orthosteric antagonists.” However, the brain
bioavailability of these compounds is questionable (high affinity plasma protein
binding is the main problem)'?>. None of these compounds have achieved clinical
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FIGURE 12.5 Structures of antagonists that interact with the glycine binding site on NR1.

use to treat stroke or epilepsy. Recently, a range of antagonists based on the quino-
line nucleus (I in Figure 12.5) have been developed and dosed orally displayed good
aqueous solubility and excellent bioavailability based on plasma concentration and
activity in an in vivo model of neuropathic pain.!??

A photoaffinity label, [PH]JCGP 61594 (Figure 12.5) has been developed for the
NMDAR glycine site.'* An early report indicated that CGP 61594 displayed higher
affinity for the NR1/NR2B receptor subtype over NMDARs containing NR2A,
NR2C, or NR2D subunits.”® The dependency of the affinity of agonists for the gly-
cine site of the NR1 subunit on the type of NR2 subunit in the tetrameric complex
has been reported.’®!2>

12.4 PHARMACOLOGY OF GLYCINE BINDING SITE ON NR3

The NR3A and NR3B subunits reveal only a 24 to 29% sequence homology with
NR1 and NR2. When NR3A or NR3B subunits are coexpressed with NR1 and
NR2, they act as negative modulators, reducing single-channel conductance and
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Ca?* permeability.”>!26 However, when NR1 and NR3A are coexpressed in Xenopus
oocytes, the excitatory glycine receptors formed are Ca** impermeable.”> Whether
these NRI/NR3 excitatory glycine receptors exist in neurons remains controversial.
Studies using the ligand binding cores of NR1 and NR3A revealed that glycine has a
650-fold higher affinity for NR3A compared to NR1.!?” Reports suggest that in NR1/
NR3 receptors glycine binds to the NR3 subunit leading to ion channel opening while
glycine binding to NR1 leads to inhibition due to rapid desensitization.!?3!? This is in
contrast to the NR1/NR2 subunit combination in which glycine binding to NR1 poten-
tiates NMDAR function. The reduced current through triheteromeric NR1/NR2/NR3
receptors may arise from inhibition via glycine binding to the NR1 subunit in the
NR1/NR3 dimer (assuming the tetramer consists of a dimer of dimers).

Isolated ligand binding cores were used to investigate the pharmacology of
NR3A. Interestingly glutamate can bind to NR3A with very low affinity but would
not bind to NR3A at physiologically relevant concentrations.'?’” The rank order of
affinity for NR1 based on testing of partial agonists was ACPC > ACBC > cycloleu-
cine. The rank order for NR3 was ACBC > ACPC > cycloleucine. Indeed, ACBC
(Figure 12.5) showed 65-fold higher affinity for NR3 compared to NR1.?” A num-
ber of NR1 glycine site antagonists were tested and the quinoxalinedione analogue
CNQX (Figure 12.5) was found to have low micromolar affinity for NR3A and ~2.5-
fold higher affinity for NR3A versus NRI. Importantly, a number of antagonists
with nanomolar affinities for NR1 had only low affinity for NR3A (5,7-DCKA and
L-689,560, Figure 12.5), suggesting that the binding site of NR3A is different from
that of NRI1. It should therefore be possible to develop selective NR3A antagonists.
Homology models of NR3A and NR3B provided insights into differences in the phar-
macology of NR1 and NR3.12%!130 The binding site cavity in NR3 is likely to be larger
than that in NR1 because two amino acids (V689 and W731) in the NR1 ligand bind-
ing core are replaced by alanine and methionine residues, respectively. The ACPC
and ACBC partial agonists (Figure 12.5) make van der Waals contacts with V689 in
NRI1.1% The replacement of this residue by an alanine residue in NR3 along with the
W731M switch may explain the differences in affinities of these two agonists for NR1
compared to NR3.1?’ In addition, the W731M switch in NR3 may at least partially
explain why the 5,7-DCKA NRI antagonist has low affinity for NR3; W731 makes an
important contact with the 5-chloro substituent of 5,7-DCKA in NRI.

Little is known about the functions of NR3A subunits in the CNS, although
increased dendritic spine formation in early postnatal cerebrocortical neurons
of NR3~~ mice has been reported.”® Recent studies revealed that oligodendrocytes
express NR3A subunit-containing NMDARs.!3-13 The NMDARs appear to be key
players in glutamate-mediated damage of oligodendrocytes and show potential as
new therapeutic targets to prevent white matter damage in a range of conditions. The
precise subunit composition of these oligodendroglial NMDARs is unknown.

12.5 ALLOSTERIC MODULATORY SITES ON NMDA Receptors

12.5.1 POLYAMINES

Studies of native and recombinant NMDARs revealed three effects of polyamines
on NMDAR activity: (1) glycine-dependent stimulation characterized by an increase
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in glycine affinity for its binding site, (2) glycine-independent stimulation character-
ized by increases in the maximal amplitudes of NMDAR responses at saturating
concentrations of glycine, and (3) voltage-dependent inhibition. In the absence of
glutamate and glycine, polyamines have no effect on NMDAR activity. However,
they increase glycine affinity!**-'3” and thus increase NMDAR responses at subsatu-
rating glycine concentrations by increasing glycine association.

Under saturating glycine conditions, polyamines still potentiate NMDAR
responses (glycine-independent potentiation). In addition, at negative potentials,
polyamines reduce channel conductance by partial channel block. Consistent with
early studies,'3® these polyamine effects are noncompetitive with glutamate, glycine,
and channel blockers, suggesting distinct binding sites for polyamines.!3140

Polyamine responses are dependent upon specific NR1 and NR2 subunits. Glycine-
independent stimulation by spermine in recombinant receptors expressed in Xenopus
oocytes is inhibited by the N-terminal insert of the NR1 subunit coded by exon 5.15141:142
The E342 residue in the amino terminus of the NR1 subunit is necessary for glycine-
independent spermine stimulation'®® but has no effect upon polyamine glycine-
dependent potentiation or voltage-dependent channel block. Mutations at equivalent
positions in NR2A and NR2B subunits had no effect on spermine stimulation.

The NR2 subunit also contributes to both the stimulatory and inhibitory effects
of polyamines at NMDARs.!44-146 Polyamines cause glycine-independent stimulation
and decrease the affinity for glutamate site agonists at NR1a/NR2B receptors but not at
NRI1a/NR2A, NR1a/NR2C, or NR1a/NR2D receptors. However, glycine-dependent
stimulation and voltage-dependent inhibition are seen at both NR1a/NR2A and
NR1a/NR2B receptors. These data suggest the existence of at least three distinct
polyamine binding sites on NMDARs.

12.5.2 IreNnpPrODIL AND RELATED NR2B-SeLecTivE COMPOUNDS

A large number of pharmacological agents bind and inhibit NMDAR activity spe-
cifically at NR2B-containing receptors. The prototype is ifenprodil (Figure 12.6),
a phenylethanolamine that binds at a site distinct from the glutamate- and glycine-
binding sites.'*78 Ifenprodil exhibits greater than a 100-fold selectivity for NR2B
over NR2A containing receptors'* and very low affinity at NR2C- and NR2D-con-
taining receptors." The ifenprodil binding site appears to be located on the ATD
region and involves amino acid residues distinct from (and possibly partially over-
lapping) residues that contribute to polyamine binding."’® The NRI1 insert (exon 5),
which alters polyamine modulation of NMDARs had no effect on ifenprodil inhi-
bition of NMDAR activity. This suggests that the glycine-independent polyamine
binding sites on NMDARs are separate from those of ifenprodil binding sites."!

A variety of other compounds show NR2B selectivity, including haloperidol,'
CP-101,606,'>3 and Ro 25-6981!3 (Figure 12.6). These compounds display the highest
degree of subtype selectivity among the different classes of NMDAR antagonists.
They have been useful for defining the actions of NR2B-containing receptors in
the brain.

Structure—activity analysis of ifenprodil-like compounds has been explored exten-
sively and multiple series of compounds have been optimized for selective high affinity
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FIGURE 12.6 Examples of polyamine site antagonists.

binding. One challenge already overcome is the o-1 adrenergic receptor antagonist
activity and/or human ether a go-go (hERG) potassium channel blocking activity
(which may lead to cardiac arrhythmias) of many ifenprodil-like agents.'> Another
success was identifying agents that are metabolically stable and active in vivo. Several
lead compounds are now providing interesting preclinical data regarding the role of
NR2B subunits in neuropathic pain and excitotoxicity.

The general pharmacophore structure, as represented by ifenprodil (Figure 12.6,
compound a), has two aromatic rings separated by a linker with a basic nitrogen in
the center of the linker. Commonly, each ifenprodil-like compound has a 4-benzyl-
piperidine group that provides one aromatic ring and the basic nitrogen. This moiety
is then linked to a second aromatic ring system that optimally has a hydrogen bond
donor. Thus, the potency of ifenprodil is reduced by removal of its phenol hydroxy
group. This general structure is similar to those of the well-characterized NR2B
antagonists, Ro-25,6981>* and CP-101,606"> (Figure 12.6, compounds b and c).

Optimization of different initial lead compounds indicates that removal of an
aromatic ring or basic nitrogen can be tolerated if combined with other changes. The
phenol ring can be replaced by a number of heterocyclics such as a benzimidazole,'>
benzimidazolone,'””  benzoxazole-2(3H)-one,'*®  indole-2-carboxamides,'” and
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aminotriazole,'® especially if they contain an H-bond donor (Figure 12.6, compounds
d through h). Likewise, the linker between 4-benzylpiperidine and phenol can be
replaced by number of structures. Significantly, a basic nitrogen in the linker is not
essential. A nonbasic nitrogen correlated with reduced hERG and o-1 NE activity
(Figure 12.6, compound i).!%! In a series of dihydroimidazoline derivatives (Figure 12.6,
compound j), replacement of a terminal aromatic group by an aliphatic chain was
also tolerated, resulting in high affinity NR2B-selective antagonists.'> A series of
4-aminoquinolines (Figure 12.6, compound k)'%3 and 4-(3,4-dihydro-1H-isoquinolin-
2yl)-pyridines (Figure 12.6, compound ) diverge from the original ifenprodil structure.
They retain at least an aromatic ring at each end with a nitrogen in the center.

12.6 ZINC

Zinc displays subunit-specific actions at recombinant NMDARs. It displays a voltage-
dependent inhibition of NMDAR responses in heteromeric NRI/NR2A and NR1/
NR2B receptors. At lower concentrations, it shows a voltage-independent inhibition
of NR1/NR2A receptors.'*#1% The NR2A selectivity accounts for observations that
the addition of heavy metal chelators to buffer solutions significantly potentiates
NR1a/NR2A but not NR1a/NR2B receptor responses. This result may be due to
chelation of contaminant traces of heavy metals in solutions that tonically inhibit
NR1a/NR2A NMDAR responses. Two effects of zinc were also seen in cultured
murine cortical neurons.'® At low concentrations (3 uM), it produced a voltage-
independent reduction in channel open probability. At higher concentrations (10 to
100 uM), it produced a voltage-dependent reduction in single channel amplitude
associated with an increase in channel noise, suggesting a fast channel block. Since
zinc is co-released with glutamate from pre-synaptic terminals, zinc modulation of
NMDARs may be physiologically relevant.!¢%168

Molecular modeling experiments paired with site-directed mutagenesis indicate
that the ATD region forms a bilobed structure with an apparent binding cavity in the
center, much like that found for the glycine or glutamate binding S1/S2 domain.!®
In NR2A, specific histidine residues are necessary for zinc inhibition. Interestingly,
these sites line both sides of the binding cleft in the ATD structure. This suggests
that zinc binding may induce domain closure and this is transmitted to the S1/S2
domain as an inhibitory signal. The observation that zinc binding alters the trypsin
sensitivity of purified ATD protein supports this model. The implications of the
model are significant for potential drug development.

12.7 UNCOMPETITIVE ANTAGONISTS (CHANNEL BLOCKERS)

In the mammalian CNS, Mg?* ions block NMDAR channels at resting membrane
potentials.'”® This block is voltage-dependent. At depolarized membrane potentials, the
channel block is relieved and ion flux occurs.!7172 Nonhomologous asparagine residues
on NR1 and NR2 subunits produce a constriction in NMDAR ion channels, allowing
Ca?* but not Mg?* ions to enter.'”? The low affinity binding site for Mg?* ions is deep
within the channel and NMDAR complexes containing NR2A or NR2B subunits have
a higher affinity for Mg?* than those containing NR2C or NR2D.5¢
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A number of compounds block NMDAR channels by a use-dependent (chan-
nels must be opened via binding of glycine and glutamate to their respective bind-
ing sites for access to and dissociation from the binding site) and voltage-dependent
mechanism.!7#!”> These compounds include the dissociative anaesthetics, phency-
clidine (PCP) and ketamine.” Site-specific mutagenesis revealed that an aspara-
gine residue (N598) deep within the pore lining M2 segment of an NMDAR is
important for channel blocking.!”” Since the mechanism of these channel block-
ers is use-dependent, the suggestion was made to use them to treat ischemia in
which neurons degenerate due to excessive Ca** entry through NMDARs. This led
to the development of selective high affinity NMDAR channel blockers such as
MK-801, which is used widely as an experimental tool.'”®!1” The kinetic action of
channel blocking and unblocking exhibited by MK-801 depends on the NR2 sub-
unit composition of the NMDAR complex. Slower channel blocking kinetics were
observed for NR2C-containing receptors compared to those containing NR2A
or NR2B.!® This is consistent with the shorter open times of NR2C-containing
receptors.

High affinity channel blockers such as PCP and MK-801 induced psychotomi-
metic-like effects in animals. This result coupled with adverse effects such as ataxia,
memory and learning impairment, and neuronal vacuolization has prevented devel-
opment of high affinity channel blockers for clinical use.!¥182 The propensity of
these compounds to produce adverse side effects has been linked to their slow kinet-
ics of dissociation from their binding site in the NMDAR channel. Indeed, the slow
dissociation rate of MK-801 allows it to be trapped inside the channel.

High affinity channel blockers such as PCP mimic the symptoms of schizo-
phrenia and have served as animal models of this disorder. Low affinity channel
blockers such as memantine exhibit fast on-and-off kinetics and reduced tendencies
to produce adverse reactions such as psychotomimetic effects.’®! Memantine is now
in clinical use under the trade names Ebixa, Axura, and Namenda for treatment of
cognitive deficits in moderate to severe Alzheimer’s disease. Although it is a channel
blocker, memantine exhibits three- to five-fold greater potency for NR2C- versus
NR2A-containing NMDARSs but the relevance of this modest subunit selectivity to
the improved therapeutic profile has not been established.

12.8 CONCLUDING REMARKS

The pharmacology of NMDAR complexes is highly diverse due mainly to the com-
plexity of the subunit composition of NMDARSs. Despite many years of sustained
effort in developing drugs that interact selectively with NMDAR complexes, only
memantine, a low affinity channel blocker, has made it into the clinic. However,
recent advances in solving the X-ray crystal structures of ligand binding cores of
NR1 and NR2 subunits have made possible the development of selective agonists
and antagonists for individual NR2 subunits.

In addition, advances in our understanding of the pharmacology and function of
the NR3 subunit are likely to lead to the development of selective antagonists for this
subunit. The combination of subunit-selective pharmacological tools for NMDARs
and molecular biological methods will provide significant information about the
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functions of NMDARSs and the roles played by the individual subunits in the CNS.
In addition, these advances are likely to herald new possibilities for treating a range
of CNS disorders in which NMDARs play a role.
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13.1 INTRODUCTION

NMDA receptors (NMDARS) are glutamate-gated cation channels with high calcium
permeability that play important roles in many aspects of the biology of higher organ-
isms. They are critical for the development of the central nervous system (CNS), gener-
ation of rhythms for breathing and locomotion, and the processes underlying learning,
memory, and neuroplasticity. Consequently, abnormal expression levels and altered
NMDAR function have been implicated in numerous neurological disorders and path-
ological conditions. NMDAR hypofunction can result in cognitive defects, whereas
overstimulation causes excitotoxicity and subsequent neurodegeneration. Therefore,
NMDARs are important therapeutic targets for many CNS disorders'-® including
stroke, hypoxia, ischemia, head trauma, Huntington’s, Parkinson’s, and Alzheimer’s
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diseases, epilepsy, neuropathic pain, alcoholism, schizophrenia, and mood disorders.
To date, drugs targeting NMDARSs have had only limited success clinically due to
poor efficacy and unacceptable side effects, including hallucinations, catatonia, ataxia,
nightmares, and memory deficits.

A detailed understanding of the mechanisms underlying agonist-induced receptor
activation would facilitate development of more selective drugs that target specific
NMDAR subtypes and alter their function to a well-defined extent. This chapter will
investigate the physiological roles NMDARSs play in the mammalian nervous system
and the molecular and structural basis of NMDAR activation. One of the main ques-
tions that will be addressed is how agonist binding results in opening of the NMDAR
ion channel. Although the mechanism coupling ligand binding to channel opening
remains incompletely understood for NMDARs, we propose that this process suggests
promising approaches to drug design.

13.2  FUNCTION OF NMDA RECEPTORS

NMDARSs belong to a class of ionotropic glutamate receptors (iGluRs) that also
includes the AMPA receptors (AMPARs) and kainate receptors.” The names of these
subclasses derived from the selective synthetic agonists that can be used to distinguish
them (see Chapter 12 for detailed description of NMDAR pharmacology). This phar-
macological distinction is mirrored by distinct neurophysiological roles for each of the
iGlIuR subtypes.

13.2.1 SynapTiC FUNCTION

Excitatory synaptic transmission in the vertebrate brain relies on the release of L-
glutamate from presynaptic terminals that diffuses across the synaptic cleft and
binds to postsynaptic AMPARs and NMDARs. Activation of AMPARSs is fast and
transient, causing brief depolarizations that last no longer than a few milliseconds.
NMDARs are not critical for this basal synaptic transmission, but instead they
regulate functional and structural plasticity of individual synapses, dendrites, and
neurons by allowing activation of specific calcium-dependent signaling cascades.
Several unique properties of NMDARs prevent their activation by L-glutamate
released during a single synaptic event.

First, NMDARSs activate significantly slower than AMPARs and kainate recep-
tors. Glutamate released from a presynaptic terminal following arrival of an action
potential is removed efficiently from the synaptic cleft by the actions of glutamate
transporters located in the presynaptic terminal and nearby astrocytes.'®!! Conse-
quently, glutamate is available for receptor binding only briefly during low frequency
synaptic transmission. Because NMDARs have relatively a high affinity for gluta-
mate, the millisecond-long neurotransmitter pulses should be able to partially (and
slowly) activate NMDARs. However, individual excitatory synaptic inputs received
during baseline activity do not result in calcium (Ca?*) influx because of a second
NMDAR property: its pronounced voltage dependence.

At resting membrane potentials, external magnesium (Mg?*) ions enter the
NMDAR pore, but unlike the permeant Ca?* ions, they bind tightly and prevent further
ion permeation.'?!3 Mg?* ions are present at millimolar concentrations in the external
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milieu of neurons, while intracellular Mg?* concentrations are in the micromolar range,
resulting in a net inward driving force for Mg?* ions at negative membrane potentials.
A depolarization of sufficient amplitude and duration is required to dislodge and repel
the Mg?* ions from the pore, thereby allowing the flow of permeant ions. As a result,
the NMDAR acts as a molecular coincidence detector'*: efficient activation and ion
permeation through the NMDAR requires both a sufficiently strong depolarization
and synaptic release of glutamate. This dual input requirement, together with their
slow activation and deactivation kinetics allows NMDARs to integrate and decode
incoming synaptic activity. The high Ca** permeability of NMDARSs enables them
to transduce specific synaptic input patterns into long-lasting alterations in synaptic
strength.

13.2.2 LONG-TERM POTENTIATION AND DEPRESSION

The strong depolarization required to remove Mg block from synaptically localized
NMDARs can be achieved in several ways. High frequency synaptic inputs may
allow the excitatory postsynaptic potentials (EPSPs) generated by AMPAR activa-
tion to accumulate and build over time. This phenomenon underlies the paradigm of
long-term potentiation (LTP) discovered in 1973 by Bliss and Lomo'> in which a short
burst of high frequency synaptic input (15 Hz for 15 sec or 100 Hz for 3 sec) results in
strengthening of excitatory synapses for a prolonged period (hours to days).

The role of NMDARs in LTP induction in the hippocampal CAl area is well doc-
umented.' LTP is NMDAR-dependent in many other regions of the brain,"” although
NMDAR-independent LTP has also been observed.'®!° The synaptic strengthening
observed during LTP has been attributed to two major mechanisms: (1) phosphorylation
of AMPARSs, resulting in an increased open probability and (2) enhanced trafficking of
AMPARSs to the postsynaptic membrane (see Chapter 8 for details).

Long-term depression (LTD), the counterpart of LTP, may be experimentally
induced by prolonged low frequency (0.5 to 3 Hz) stimulation of excitatory synapses.2’
Induction of LTD is also NMDAR-dependent in the hippocampal CA1 region and, like
LTP induction, requires Ca?* influx through NMDARs.?! LTD can also be induced by
other mechanisms including stimulation of metabotropic glutamate receptors.?? The
mechanism by which NMDA-dependent LTD reduces synaptic strength is to reverse
the effects of LTP: dephosphorylation of AMPARS, thus reducing their open probabil-
ity?* and removal of AMPARSs from the synaptic plasma membrane by endocytosis
(see Chapter 8). In these examples of homosynaptic LTP and LTD, the synapse that
receives the low/high frequency input is weakened/strengthened. However, synaptic
strength can also be altered in either direction if a single synaptic input is coupled
with a postsynaptic depolarization, resulting in heterosynaptic LTP, which has been
proposed as a model for associative memory. Postsynaptic depolarizations can occur
by various mechanisms. In many cases, neuronal dendrites play critical roles in the
generation and processing of these plasticity-inducing signals.

13.2.3 DenpRriTIiC FUNCTION

Dendrites exhibit active conductances, mediated by voltage-gated Na and Ca channels,
as well as the NMDAR itself, which allow them to generate a back-propagating action
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potential (bAP).>#?> Dendritic bAPs have a longer duration than axonal spikes and there-
fore permit the removal of Mg?* block from NMDARs. Any glutamate release occur-
ring during a bAP-induced depolarization may therefore result in Ca?* influx through
activated NMDARs and subsequent alterations in synapse strength.%?” Because bAPs
take time to propagate down distal dendrites, efficient activation of NMDARs by this
mechanism requires precise timing of synaptic input relative to bAP generation.

The direction and magnitude of the resulting alteration in synaptic strength depend
critically on the temporal relationship between the two processes.?® The precise timing
dependence of presynaptic firing relative to the firing of the postsynaptic neuron, has
given rise to a model of long-term synaptic plasticity called spike timing-dependent
plasticity (STDP).?*-3 This promising model extends the LTP-LTD paradigm by pro-
posing that the coupling strength between neurons depends on the degree of correla-
tion of their spiking activities.

Thus, STDP implements an important and long ignored aspect of the most influ-
ential model for synaptic strengthening formulated in 1949 by Donald Hebb.?” In
Hebb’s words (relevant wording in bold): “When an axon of cell A is near enough to
excite a cell B and repeatedly or persistently takes part in firing it, some growth
process or metabolic change takes place in one or both cells such that A’s efficiency,
as one of the cells firing B, is increased.” Hebb’s insistence that the presynaptic neu-
ron causes the postsynaptic neuron to fire an action potential appears visionary.

The voltage dependence and ion selectivity of NMDARSs provide them with regen-
erative properties that allow the generation of dendritic action potentials (NMDA
spikes) that do not originate from bAPs, but from highly synchronized excitatory
synaptic inputs to a region of the dendrite’*-*? (see Section 9.4). The ability to gener-
ate NMDA spikes endows dendrites with interesting nonlinear computational capa-
bilities, the impact of which is only now beginning to become clear.*-%

13.2.4 PriviLeGep CA%* loNs

The long-lasting effects on synaptic efficacy resulting from activation of NMDARs
depend on Ca?* influx into the postsynaptic compartment (see Chapter 9 for a review
of NMDAR-mediated Ca signaling in dendritic spines). It is intriguing that both syn-
aptic strengthening and weakening are mediated by Ca?* influx through NMDARs.
Several hypotheses have been proposed to explain this phenomenon. The magnitude
of the rise in Ca?* concentration may be an important determinant. The direction of
change in synaptic strength may also be determined by the temporal properties of
the internal Ca concentration changes.*®

Alternatively, there may be a spatial difference in calcium rises associated with
by LTP and LTD. NR2B receptors have been proposed to be localized extrasyn-
aptically*’ (although this is not a universal finding*®). Such spatial separation of
NR2A and NR2B receptors would allow Ca?* ions to activate distinct signaling
complexes.*»* An earlier proposal that the NR2 subtype determines the direction of
synaptic change, with activation of NR2A- and NR2B-containing NMDARs result-
ing in LTP and LTD, respectively,’*? has not held up in later experiments.>>>* More
work is needed to define the molecular mechanism by which spatiotemporal differ-
ences in Ca concentrations resulting from activation of synaptic and extrasynaptic
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NMDARESs of varying subtype compositions lead to bidirectional, long-term changes
in synaptic efficacy.

Ca? ions entering the neuron through the NMDAR are privileged, because
they are able to act locally on large signal transduction complexes associated with
synaptic NMDARs, which consist of calcium-dependent enzymes, second mes-
sengers, protein kinases and phosphatases, scaffolding proteins, cytoskeletal ele-
ments, GTP binding proteins and their regulators, and adhesion molecules.>>-7
NMDAR-mediated calcium influx activates these complexes, generating signal
transduction cascades that produce long-lasting changes in synaptic function and
structure.’’-63

The ability of an NMDAR to integrate and decode synaptic inputs and generate
or amplify dendritic spikes depends on its kinetics of activation, deactivation, and
desensitization. The amount of Ca influx is also largely determined by kinetics, in
particular the rate of deactivation. Subunit composition is an important determi-
nant for NMDAR (de-)activation kinetics and intracellular calcium dynamics, as
discussed in Chapter 9. The amount of Ca influx resulting from NMDAR activa-
tion is further modulated by other external physiological factors including pH, zinc
ions, and polyamines that are discussed in Chapters 11 and 12. The next section
considers the roles of the two coagonists, glutamate and glycine, in activation of
NMDARs.

13.2.5 CoAGONISTS GLUTAMATE AND GLYCINE

NMDARSs are unique among ligand-gated ion channels in that their activation
requires binding of two coagonists, glycine and L-glutamate.*-% Glycine is some-
times cited in the literature as an NMDAR modulator—to set it apart from the ago-
nist L-glutamate, but as explained below, their binding sites are structurally similar
and seem to play equivalent roles in receptor activation. Physiologically, however,
glycine and glutamate have distinct functions. While L-glutamate is released from
specific presynaptic terminals, low concentrations of ambient glycine present at the
synapse are thought to be sufficient to allow receptor activation. Interestingly, a
recent paper suggests that D-serine released by astrocytes is the endogenous glycine
site agonist in certain brain regions, allowing glial cells to actively control synaptic
metaplasticity.®’

Because glycine plays a more modulatory role in vivo,%%%* while glutamate is
the ‘active’, released neurotransmitter, the glycine and glutamate binding sites on
the NMDAR represent two distinct therapeutic targets. Particular efforts have been
devoted to the development of partial agonists for the glycine site®®-7¢ that may act
as negative modulators of NMDAR function by competitively displacing the full
agonist glycine from its binding site. The pharmacology of NMDARS is described in
detail in Chapter 12.

An interesting but poorly studied property of glycine is its ability to partially
activate NMDARs in the absence of glutamate. This action has been observed in
NMDARs containing NR1 and NR2A subunits expressed in Xenopus laevis oocytes,
where 10 uM glycine alone activated the receptor by a few percent.”” Due to the inhi-
bition of this effect by the competitive glutamate-site antagonist APV, it has been
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suggested that glycine may act as a partial agonist at the glutamate binding site.”” It
is not clear whether ambient glycine in the CNS also exhibits this property, which
would allow a small amount of Ca influx through NMDARs independent of synaptic
input during large depolarizations that remove Mg?* block. Also, it is not known
whether D-serine, which can be released from astrocytes, has the same ability as
glycine to partially activate NMDARs in the absence of glutamate.

The importance of ambient glycine binding to NMDARs for cognitive func-
tion is underscored by experiments with transgenic mice carrying mutant alleles
of the NR1 subunit.”® Mice that express NR1 subunits with lowered glycine affinity
display a spectrum of cognitive and learning defects including nonhabituating
hyperactivity, increased stereotyped behavior, disruptions of nest building activity,
and poor performance in the Morris water maze’®, a measure of cued learning. The
behavioral phenotypes of these glycine-insensitive mutant mice resemble some of
the positive and negative symptoms displayed by schizophrenia patients, consistent
with NMDAR hypofunction as one of the leading hypotheses for schizophrenia.”®-%2
Section 13.3.7 discusses the (limited) successes of glycine site partial agonists in the
clinic. The next two sections describe studies of the behavior of individual NMDAR
channels.

13.2.5 SINGLE CHANNEL BEHAVIOR

Ion channels are unique among proteins in that their behavior can be studied at the
level of a single molecule. This important experimental paradigm was made possible
by the advent of the patch clamp technique pioneered by Neher and Sakmann in the
mid 1970s.33 In single channel recordings, individual ion channels are seen to alternate
stochastically between two states, open and closed. No measurable ion flux is present
in the closed state whereas the open state is characterized by a constant, channel-
specific conductance. Activation of an ion channel results from an increase in the prob-
ability of being in the open state, not a change in its single channel conductance.

Analysis of single channel behavior provides detailed information about mecha-
nisms of action that cannot be extracted from macroscopic currents measured in whole
cell recordings.®* Early single channel studies suggested that Mg?* ions inhibited
NMDARSs via an open channel block mechanism, as indicated by the presence of short
closings within otherwise stable open periods.”> The allosteric modulator spermine
exerts multiple effects on single channel behavior, increasing opening frequency at low
concentrations, while decreasing single channel conductance and mean open time at
higher concentrations, suggesting the existence of two binding sites.®> Single channel
analysis of ethanol inhibition of NMDARSs (see Chapter 4) indicated that ethanol exerts
its effect through an allosteric mechanism by reducing agonist efficacy.°

Single channel behavior of NMDARs from hippocampal CAl neurons was
studied using very low glutamate concentrations to improve temporal resolution of
individual glutamate binding events.?” Openings resulting from individual receptor
activations showed surprising complexity: they consist of a long cluster of bursts
of openings. Furthermore, the NMDARSs appeared to have different gating modes,
occasionally entering periods of very high open probability.?” These results demon-
strated that the slow deactivation kinetics of the NMDAR result from intrinsic gating
properties.
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Single channel analysis can also provide more insight in how NMDARSs function
at the synapse. In response to a brief pulse of glutamate, mimicking synaptic release,
NMDARs activate slowly over hundreds of milliseconds and continue activating long
after all glutamate has been removed from the synaptic cleft, thereby briefly “memo-
rizing” the occurrence of a synaptic input. Single channel analysis of NR1 and NR2A
receptors indicates that after a brief pulse of glutamate, receptors enter a high affin-
ity closed state from which either channel opening or agonist unbinding occurs with
approximately equal probability.®® A single synaptic event is therefore expected to only
partially activate NMDARSs. Consequently, a closely spaced second pulse of agonist is
able to further increase the open probability, endowing the NMDAR with an ability to
decode synaptic input frequency (Figure 13.1).

Comparison of the single channel behavior of NR2A- and NR2B-containing
NMDARs revealed several kinetic differences in these receptor subtypes. NR2A
receptors respond faster to brief synaptic-like pulses of glutamate and reach higher
open probabilities.?® It has been proposed that these differences in channel gating
kinetics result in preferential opening of NR2A-containing receptors during high
frequency synaptic inputs that stimulate LTP. Conversely, NR2B receptors are asso-
ciated with lower frequency inputs that cause LTD. However, the NR2A/LTP and
NR2B/LTD connections were discredited by recent experiments.>*

13.2.6 SUBCONDUCTANCE LEVELS, PERMEATION, AND GATING

One of the more intriguing aspects of NMDAR single channel behavior is that it is
not strictly binary. Channels occasionally fail to open or close fully and instead visit
intermediate conductance levels. Such subconductances levels (sublevels) have been
observed in both native®® and recombinant glutamate receptors.”'-3 Typically, these
sublevels are visited during transitions between closed and fully open states, not
as isolated opening events. NR2A- and NR2B-containing receptors display similar
short-lived sublevels whose conductance is approximately 80% of the main open
state. In contrast, NR2C- and NR2D-containing receptors briefly visit a 50% sub-
level and a fully open state with approximately equal probability.

Subconductance levels have been observed in virtually every type of ion
channel, although the number of levels, stability, and abundance vary widely.
Sublevels have been well-characterized in K channels, which are evolutionarily
related to NMDARs.?* Our laboratory has described sublevels observed during open—
closed transitions in the voltage-gated K channel K 2.1 (drk1),%* and we have proposed
a model that attributes sublevels to heteromeric pore conformations visited when
one, two, or three of the four subunits move to the open conformation (Figure 13.2).
Because channel opening appears to be a strongly cooperative process, the hetero-
meric pore conformations are predicted to be highly unstable and the associated sub-
levels may be very short-lived.

One prediction of the subunit—sublevel hypothesis is that sublevels should be
more abundant when a receptor or channel is incompletely activated, which was
experimentally confirmed for K,2.1.°> In a more stringent test of this hypothesis,
a K,2.1 tandem dimer combining two K channel subunits with different activation
thresholds was created. Single channel behavior of this tandem dimer at potentials
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FIGURE 13.1 Decoding of synaptic inputs by NMDARs. Because of their high glutamate
affinity and relatively slow activation and deactivation kinetics, NMDARs can “memorize”
recent low frequency synaptic inputs that alone cannot elicit ion permeation through the
NMDAR because of the persistent Mg block at negative membrane potentials. Panels A and
B illustrate how the amount of Ca influx elicited by the same high-frequency input (tetanus)
depends on the recent history of synaptic activity preceding the tetanus.

between the two thresholds was dominated by two sublevels, whose kinetics and volt-
age dependence indicated that they resulted from the activation of one and two sub-
units.” These results support the subunit—subconductance hypothesis, which implies
that gating and permeation are strictly coupled. In this model, the selectivity filter is
directly responsible for opening and closing the channel.”7*® A specific mechanism
has been proposed for how the selectivity filter may function as the channel gate, in
which the filter alternates between two conformations with high and low affinity for
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FIGURE 13.2 Subunit-subconductance model for NMDAR gating. The permeation pathway
of the NMDAR is formed by two NR1 and two NR2 subunits (A). The conformation of
each subunit alters between a “closed” conformation that does not support permeation (filled
symbols) and an “open” conformation that does (open symbols). When the channel moves
from the closed to the open state, each subunit must undergo a conformational change from
closed to open. Unless the movements in the four subunits are strictly synchronized (due to
an extreme form of positive cooperativity), heteromeric pore conformations (H1 through H3)
will be visited in which one, two, or three subunits are in the open state. It was proposed that
these heteromeric pore conformations can give rise to subconductance levels,” -7 predicting
a complex structure for all open, close transitions (B). Because the heteromeric pore con-
formations are transition states expected to be short-lived, most of them may go undetected
in single channel recordings because of the limited bandwidth of the measurements (C, D).
NMDARSs containing NR2A or NR2B subunits display an 80% subconductance level vis-
ited during transitions between the closed and fully open state. The subunit—subconductance
model would explain this by assuming that one of the heteromeric pore conformations is
relatively stable. Based on the relatively large size of the subconductance level, the relatively
stable state would likely be H3.

the permeant ion.”® Experimental support for an affinity-switching selectivity filter
has recently been shown by NMR experiments using the KcsA K channel.”

Single channel analysis of AMPARs and NMDARs also provided evidence
for a strong coupling between permeation and gating, as well as support for a link
between sublevels and partial receptor activation. Two sublevels associated with
partially activated GluR3 AMPARs were proposed to result from the activation of
two and three subunits.!° Mutations in the selectivity filter were shown to stabilize
sublevels both in K channels!®19 and NMDARS.1921%4 The ion selectivity of the sub-
levels in these mutant NMDARs is different from that of the fully open state,'** as
was reported for the Shaker K channel,!'! thereby providing a direct causal linkage
between subconductance gating and the selectivity filter.

Under bi-ionic (Na*/Cs*) conditions, gating of these mutant NMDARSs becomes
strongly asymmetric, with sublevels visited either during openings (external Cs*)
or during closings (external Na*),' providing additional evidence for a strong cou-
pling of gating and permeation. Finally, partial agonists were shown to determine
the open probability of subconductance levels in the GluR2 AMPAR,!% and a model
was suggested which is identical to the subunit—subconductance model (Figure 13.2)
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proposed by Chapman and VanDongen in 1997.97% Section 13.3.7 addresses the
structural basis of partial agonism in more detail. The next section discusses the
structures of NMDARSs and their mechanisms of activation.

13.3 STRUCTURE AND ACTIVATION

Functional NMDARs generally form as heterotetramers of two glycine-binding
NRI1 subunits and two glutamate-binding NR2 subunits assembled around a cen-
tral permeation pathway. The inhibitory NR3 subunit, which also binds glycine,
can substitute for one NR2 subunit or replace both to form a glycine-activated
receptor, although the result would not technically be considered an NMDAR.
Experiments in which NMDAR subunits were covalently linked as tandem
dimers suggested that the heteromeric tetramer assembles according to an NR1-
NR1-NR2-NR2 arrangement.'® Assembly of the receptor complex is thought to
proceed via a “dimer-of-dimers” mechanism. Whether the initial assembly step
involves homomeric or heteromeric dimers!®’1%® remains controversial. Further-
more, the NR1 and NR2 subunits exhibit significant sequence homology with each
other and other iGluRs, and are therefore expected to adopt similar overall domain
structures.

13.3.1 DOMAIN STRUCTURE OF SUBUNITS

Tonotropic glutamate receptor subunits are organized into four discrete functional domains
(Figure 13.3): an extracellular N-terminal domain (NTD), a ligand binding domain
(LBD), a pore forming transmembrane region, and an intracellular C-terminal domain.
Hydrophobicity analysis performed after expression cloning of the first iGIuR (AMPAR
GluR1)'? identified four hydrophobic segments (M1 through M4), the first three of which
are closely spaced and separated by a long linker from the fourth segment.

The three-plus-one hydrophobicity profile is very similar to previously charac-
terized ligand gated ion channels that include the nicotinic acetylcholine receptor
(nAChR) family, GABA,, glycine, and 5-HT3 receptors. It was therefore initially
assumed that iGluRs would have the same membrane topology as these receptors,
in which each hydrophobic domain is thought to form an o helix that crosses the
membrane once.!%!1% The N-termini of all ligand-gated ion channels contain sig-
nal peptides, ensuring their extracellular localization. Therefore, in the membrane
topology model for the nAChR super-family, the linker between the third and fourth
transmembrane segment is predicted to be cytoplasmic.

The similarities of the n AChR and iGluR hydrophobicity profiles were later proven
to be “red herrings.” A functional N-glycosylation site was identified in the M3-M4
linker of the GluR6 kainate receptor.""!'? Since the enzymes responsible for sugar
modification of asparagine residues reside in the lumen of the Golgi, N-glycosylation
is a reliable marker of extracellular localization. Initially, a new topology model was
proposed with an additional transmembrane segment in the middle of the M3-M4
linker.""""!'2 However, functional N-glycosylation was also observed in the M3-M4
linker of kainate receptors from goldfish brain, and modification was not affected
by deletion of the M2 segment, prompting the authors to conclude that M2 does not
cross the membrane and the M3-M4 linker is extracellular.!?
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FIGURE 13.3 Domain structure of the NMDAR. A: Modular nature of linear amino acid
sequences of NMDAR subunits: four hydrophobic domains (M1 through M4), two ligand
binding domains (S1 and S2), and amino and carboxy terminal domains (NTD, CTD). B:
Membrane topology of an individual NMDAR subunit. The amino terminus contains a signal
peptide, placing the NTD in the extracellular space. M1, M3, and M4 are predicted to cross
the membrane as helices. The M2 segment is predicted to form a cytoplasmic reentrant hair-
pin loop that connects M1 and M3. The ligand binding domains S1 and S2 are both extracel-
lular. The CTD localizes to the cytoplasm. C: Two-dimensional membrane folding model of
glycine binding NR1 and glutamate binding NR2 subunits. The ligand binding domains form
a heteromeric dimer whose interface is formed by the D1 lobe.

Similar results were obtained from N-glycosylation studies of the GluR1 AMPAR
and NR1 NMDAR subunits, confirming that the M2 segment does not cross the
membrane.”*!* Mutagenesis experiments on the NMDAR NRI subunit identified
residues in the M3-M4 linker critical for binding of glycine site ligands, indicat-
ing it must be extracellular.'> An identical conclusion was reached by exchanging
domains between the GluR3 AMPAR and GIuR6 kainate receptor.!'® These studies
also observed that two glutamate receptor domains display homology to bacterial
periplasmic amino acid—binding proteins for which X-ray crystal structures already
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existed. This homology was first noted by Nakanishi et al.''” and extended by O’Hara
et al."'® The first domain (S1) immediately precedes M1, while the second (S2) com-
prises most of the M3-M4 linker''>!1¢ (Figure 13.3A).

An extracellular location of the M3—M4 segment implies that the first three
hydrophobic domains must span the membrane an even number of times. This dis-
crepancy was explained by the significant amino acid sequence homology discovered
between the M2 segments of iGluRs and the pore forming P regions of K channels®,
which fold as a reentrant hairpin loop. Figure 13.3 illustrates the current model for
the membrane topology of NMDAR subunits.**!14

The extracellular domains come together to form a ligand binding domain
(LBD) consisting of the S1 segment preceding M1 and the S2 segment sandwiched
between M3 and M4. The NTD is located N terminal to S1 and exhibits homology
with metabotropic glutamate receptor (mGluR) binding domains, suggesting that it
forms a ligand binding structure distinct from the agonist binding S1-S2 domain.
In the NR2 subunits, the NTD has been proposed to bind zinc ions (NR2A) or
polyamines (NR2B), both of which modulate NMDAR function (see Chapters 11
and 12). The ligand for the NTD of the NR1 subunit, if one exists, is currently not
known.

13.3.2 STRUCTURE OF THE LIGAND BINDING DOMAIN

The modular nature of glutamate receptors prompted experiments to isolate the
ligand binding module as a separate soluble protein. Early experiments with the
GluR4 AMPAR demonstrated that the isolated LBD consisting of the S1 and S2
domains connected by a short peptide linker retained the pharmacology of the
full-length receptor, binding antagonists and agonists with normal affinity.!"® This
approach enabled the crystallization of the GluR2 AMPAR LBD in complex with
kainate,'?0 illustrated in Figure 13.4A.

The bilobate structure consists of two globular domains or lobes (D1 and D2), con-
nected by a flexible hinge, and bears a striking similarity to the bacterial periplasmic
amino acid-binding proteins. The S1 segment forms lobe 1 (purple) and hinge 1 (blue)
that connect to the first transmembrane segment M1 in the intact receptor. S2 forms
lobe 2 (green) and hinge 2 (yellow), which crosses back to lobe 1. Two helices (J and K,
gray) follow hinge 2, running across the backs of the two lobes and connecting to the
M4 segment. The kainate agonist is sandwiched between the two domains and forms
hydrogen bonds with both lobes, thereby stabilizing the closed cleft conformation.

GluR2 structures were obtained in the absence of ligand (apo) and in complex
with an antagonist (DNQX), the partial agonist kainate, and full agonists AMPA and
glutamate.'?! Separation of the two domains was significantly increased in the apo
state, and all ligands tested produced some amount of cleft closure. The degree of
domain closure increased as follows: apo < DNQX < kainate < AMPA = glutamate.
This result led to the suggestion that agonist-induced domain closure activates the
channel and that degree of domain closure determines the extent of activation.
Although the competitive DNQX antagonist still produces a small amount of domain
closure relative to the apo state, it apparently is not sufficient to activate the channel.
Section 13.3.7 discusses the structural basis for partial agonism in more detail.
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FIGURE 13.4 (See color insert following page 212.) Crystal structures of GluR2 and NR2A
ligand binding domains. X-ray crystallographic structures are shown for the isolated ligand
binding domains (LBDs) of the AMPAR GluR?2 in complex with kainate (A) and the NMDAR
NR2A subunit in complex with L-glutamate (C). Only the peptide backbone is shown as a C-a
trace. (B) Relationship of LBDs and linear amino acid sequence.

Crystallographic structures for the S1-S2 LBD were obtained for additional
members of the iGluR family including the GluR5 and GluR6 kainate receptors,'??
GluRO0,'?* a prokaryotic glutamate-gated K channel, and the NMDAR subunits
NR1'?* and NR2A.'?> All LBDs have the same basic structure, although certain
conformational differences exist between the lobes and hinge regions. Figure 13.4C
shows the LBD structure of the NMDAR NR2A subunit in complex with glutamate;
this can be compared with the structure of GluR2 in Figure 13.4A. The availability
of high-resolution crystal structures greatly facilitates the design of specific point
mutations and the interpretations of resulting phenotypes.
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13.3.3 AFrrNITY AND EFFICACY

The interaction of a ligand with its receptor is characterized by two fundamental
pharmacodynamic properties: affinity and efficacy. Affinity measures how tightly
a ligand binds to a receptor and is characterized by the equilibrium dissociation
constant, K. Efficacy measures how effectively a ligand, once bound, activates the
receptor. Antagonists have no efficacy. The efficacies of partial agonists are lower
than those of full agonists binding to the same site. The processes of agonist binding
and receptor activation are strongly coupled, with the former initiating the latter.

This coupling complicates the interpretation of phenotypes caused by mutations.
A point mutation that causes a shift in the concentration—-response curve can do so
without affecting binding, because the midpoint of the curve (ECs) is dependent on
both the binding equilibrium (affinity) and the activation process (efficacy).'?¢ Exam-
ples are provided by the previously published mutations in the pore of the nicotinic
acetylcholine receptor, many of which altered acetylcholine sensitivity by affecting
open state stability.'?”128 Another complication is that a change in efficacy caused by
a mutation does not necessarily result in a measurable change in maximum response.
When efficacy is very high, even substantial changes in efficacy exert minimal effects
on maximum response. Moreover, when a change in maximum response is observed
for a mutation, it is often difficult to exclude altered protein folding efficiency, pro-
tein stability, and inefficient expression as possible explanations.

To solve this dilemma, we developed an approach that allows the evaluation of
affinity and efficacy roles for individual amino acid positions in a receptor. First, the
position to be investigated is mutated to cysteine, which ideally should have little
effect on receptor pharmacology. Second, concentration—response curves are col-
lected for a full agonist and a partial agonist before and after covalent modification
of the introduced cysteine.'” Due to their small size, MTS (methanethiosulfonate)
compounds are very useful for this purpose. These experiments yield values for the
EC,, and intrinsic activity (o), a measure of relative efficacy, before and after cova-
lent modification of the cysteine.

The in situ mutagenesis produced by MTS modification does not alter the popu-
lation of receptors studied because it typically takes less than a minute to complete;
therefore, any change in maximum response must result from an alteration in effi-
cacy. Using a partial agonist guarantees that any changes in efficacy caused by MTS
modification will reflect a change in intrinsic activity. Based on the values of ECs,
and o before and after MTS modification, it is possible to quantitate changes in
affinity and efficacy caused by the modification.'?

Using this approach, Kalbaugh et al. assigned affinity and efficacy roles to posi-
tions in the LBDs of the NR1 and NR2A NMDAR subunits. In situ mutation of
residues in direct contact with bound ligand affected both efficacy and affinity, while
positions that stabilize the closed cleft conformation without a direct ligand interac-
tion contributed only to efficacy.'?® These results provide a molecular basis for the
tight coupling of agonist binding and receptor activation. The same residues that
mediate stabilization of the closed cleft conformation by the bound ligand are also
critical for ligand binding to the apo state, resulting in an agonist-bound open cleft
conformation.
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FIGURE 13.5 Relationship of glutamate receptors and K channels. A: Comparison of mem-
brane topologies of ionotropic glutamate receptors, the prokaryotic K channel KcsA, and volt-
age-gated K channels. A common pore forming motif (M1-M2-M3, TM1-P-TM2, S5-P-S6)
is shown in gray. The P regions in glutamate receptors are inverted, resulting in cytoplas-
mic localization of the reentrant hairpin loop M2. B: Amino acid homology of pore forming
regions of KcsA, prokaryotic glutamate-gated K channel GluR0O, AMPAR subunit GluR1, and
NMDAR receptor subunit NR1. Nonconserved amino acids are shown as white symbols on a
black background. In GIuRO0, 45 of 51 amino acids are conserved; it represents a missing link
in the evolution of glutamate receptors and K channels from a common ancestor.

Crystallization of the isolated and soluble S1 and S2 LBDs for several iGluRs
has significantly increased our understanding of the molecular bases of ligand bind-
ing and receptor activation mechanisms. The structure and function of the mem-
brane domain (M1 through M4) will be discussed next.

13.3.4 STRUCTURE OF THE MEMBRANE DOMAIN: K CHANNEL AS MODEL

High-resolution structures are available for many LBDs of iGluRs but intact recep-
tors, which are large integral membrane proteins, have thus far resisted crystalli-
zation. However, the M1-M3 segment appears to be structurally and functionally
related to K channels, for several of which X-ray structures do exist.'*-132 Wo and
Oswald (1994) originally hinted at a structural relationship between K channels
and iGluRs by suggesting that the kainate receptor M2 segment folds back into the
membrane similar to the P regions of K channels'? (Figure 13.5A). N-glycosylation
experiments in the M3—M4 linker by Wood et al. (1995) were prompted by a high
degree of amino acid homology between NMDAR M2 segments and K channel P
regions.”

Interestingly, the K channel GYGD signature sequence that forms part of the
selectivity filter is replaced in NR1 with GIGE (Figure 13.5B). However, transplanta-
tion of the selectivity filter sequence TVGYG from K channels into iGluRs failed to
transfer K selectivity to these channels, although functional channels were obtained
and many pore properties were altered.!** If the transplanted TVGYG regions fold
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similarly in iGluRs and K channels, as suggested by the functionality of the chi-
meras, it is likely that permeating ions are coordinated by backbone carbonyls in
both channel families. Because iGluRs do not distinguish between Na* and K* ions
and some members conduct divalent Ca2* ions, the atomic distance between back-
bone carbonyls forming the oxygen cage should be significantly more flexible and
dynamic in these nonselective cation channels.

The amino acid homology in the pore-forming regions prompted us to suggest
that K channels and iGluRs have a common evolutionary ancestor.* This is sup-
ported by the identification of a “missing link,” the prokaryotic GIuR0O glutamate
receptor that has a pore-forming domain with high homology to K channel P regions
and exhibits K* selectivity.!’* Using the GluR0 amino acid sequence as a guide,
the homology of K channels and iGluRs can be extended to the transmembrane
domain following the pore region: M3 in iGluRs and S6 or TM2 in K channels'?
(Figure 13.5B). In K channels, the S6 and TM2 segments undergo conformational
changes during channel activation.'3¢-138 Evidence suggests that the iGIluR M3 seg-
ment may play a similarly important role during receptor activation.

13.3.5 RoLe oF THE M3 DOMAIN

The M3 segment contains a 9-amino acid sequence (SYTANLAAF) that is highly
conserved among glutamate receptors; many cysteine substitutions in this region
display state-dependent accessibility.!3>13 Altered residue accessibility often indi-
cates a conformational change,'? suggesting that the SYTANLAAF region moves
in response to receptor activation; thus, M3 has been proposed to function as a trans-
duction element, coupling ligand-binding to channel gating.!3> A recent study sug-
gests that M3 is the only transmembrane domain contributing to the deepest portion
of the pore, supporting a prominent role in gating.'*!

The functional importance of the SYTANLAAF motif was originally identi-
fied in the GluRd2 receptor, an orphan receptor with homology to the iGluR family,
but no known glutamatergic agonist. A single-point mutation, A8T, was found to
cause an inherited neurological defect in mice.'¥> Known as lurcher, the phenotype,
characterized by ataxia and neurodegeneration, is caused by constitutive activation
of 82 receptors, which produces excitotoxicity and apoptosis of cerebellar Purkinje
cells. Introduction of the lurcher mutation in GluR1 and GluR6 produced some con-
stitutive activity, increased agonist potency, slower deactivation, and conversion of
an antagonist into an agonist.'>-¥ The same substitution in NR1 and NR2A did
not produce constitutive activity, but exhibited very slow deactivation; interestingly,
increased glutamate potency was observed only in the NR1 mutant.'¥

Similar to the lurcher phenotype, constitutive activity and/or current potentia-
tion were observed upon thiol modification of substituted cysteines at several posi-
tions within the SYTANLAAF region.!3>13%146-148 Of particular interest is the A7C
substitution in NR1 and NR2 that appears to lock the channel in a fully activated
conformation upon modification.>13%14 A7C can be modified only after receptor
activation and accessibility exhibits a linear correlation with agonist efficacy,!*®
strongly suggesting a role for M3 in coupling ligand binding to channel gating.
Conservation of the A7C phenotype is observed between NR1 and NR2 and across
NR2 subtypes, implying functional conservation of M3 among all NMDARs.'*
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Several lines of evidence suggest that the NR1 and NR2 M3 domains may play dis-
tinct roles in receptor activation. NR1 and NR2 contribute differently to the M2 loop'*°
that forms the inner pore of the channel, and copper coordination of substituted cyste-
ines indicates that their M3 domains may be staggered by a full o helical turn.’>! Consis-
tent with a dimer-of-dimers arrangement, the extracellular vestibule of the homomeric
AMPAR exhibits two-fold rotational symmetry, as opposed to the four-fold symmetry
of K* channels.”> Recent work evaluating the voltage dependence of cysteine modifica-
tion suggests that the NR1 M3 domain contributes mainly to the deep portion of the
pore, while the NR2 M3 comprises more of the shallow extracellular vestibule.*!

These subtle structural differences among subunits may be critical for NMDAR
activation; for example, kinetic modeling with partial agonists revealed that distinct
fast and slow pregating conformational changes are mediated by NR1 and NR2,
respectively.!> Residues displaying state-dependent accessibility were found to clus-
ter together on helical net diagrams, opposite from putative pore-lining residues, sug-
gesting that positions exhibiting lurcher-like phenotypes may be located at dynamic
interfaces between transmembrane segments.!#! Thus intersubunit interactions at the
transmembrane level may be critical for NMDAR activation.

13.3.6 DiMErIZATION OF LIGAND BINDING DOMAINS

One of the most intriguing findings from iGluR structural studies is the tendency of
S1S2 LBDs to crystallize as homomeric dimers, initially observed in a set of GluR2
crystal structures.'?! In vitro, isolated iGluR LBDs dimerize with a dissociation con-
stant in the millimolar range, most likely due to high protein concentrations. This
effect may be mimicked in vivo by association of the N terminal domains (NTDs)
that occurs at lower protein concentrations.>* In AMPARs and kainate receptors, the
dimer interface is formed exclusively by hydrogen bonds, salt bridges, and hydro-
phobic interactions between the D1 domains, burying 900 to 1600 A2 of solvent-
accessible surface area.’?’!>> The D2 domain linking the LBDs to the ion channel
portion of the receptor is free to change conformation, suggesting a mechanism by
which LBD conformation may be coupled to channel gating.

The functional importance of the LBD dimer interface was initially demon-
strated via site-directed mutagenesis, which was used to modulate interactions at
the GluR2 interface. Single-point mutations were identified which either attenuated
or increased desensitization. Crystallography, ultracentrifugation, and electrophysi-
ological studies established that dimer stability inversely correlates with extent of
desensitization.!> Subsequent studies confirmed and extended this paradigm in
AMPARs and kainate receptors.!>"158

Domain—domain (D1-D1) separation associated with GluR2 desensitization has
been estimated to be between 12.4 and 16.2 A at the top of the interface, based on
modification of cysteine interface mutants via bifunctional crosslinkers. Identifica-
tion of a GluR2 mutant stabilized in the desensitized state (S729C) led to a crystal
structure depicting a relaxed, destabilized dimer interface.'® Crystal structures of
GluR2 in complex with several positive allosteric modulators revealed that these
molecules exert their potentiating effects via interface stabilization. Cyclothiazide,
which blocks receptor desensitization, binds near the edge of the interface, while
aniracetam stabilizes the open state by binding near the LBD hinge.!36:!%
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The NR1 subunit repeatedly crystallized in monomeric form until the recent
cocrystallization of NR1 and NR2A revealed the existence of a heteromeric LBD
dimer interface.!® In contrast to other iGluRs, the LBD dimer interface of the
NMDAR contains both D1 and D2 interactions, providing additional opportunities
for intersubunit coupling. Furthermore, a critical tyrosine residue in NR1 (Y535)
occupies a site homologous to the GluR2 aniracetam binding site and the sizes of
substituted amino acids at this position were found to inversely correlate with deac-
tivation rate. Thus, Y535 appears to function as an endogenous positive allosteric
modulator. This key difference in interface stability has been proposed to underlie
the slow deactivation of NMDARSs required for their role in synaptic transmission,s°
suggesting a novel modulatory site for NMDAR-based therapeutics.

The NTDs are clamshell-shaped structures, known to interact with each other
and modulate the LBDs, suggesting a possible extension of the interface model.>*
Zn?* binding to the NR2A NTD is allosterically coupled to the glutamate-binding
domain. Similar results were obtained for ifenprodil in NR2B.!61162 An NTD dimer
interface may provide the stability for binding of negative modulators to effectively
couple to LBDs.

13.3.7 STRUCTURAL BAsis OF PARTIAL AGONISM

Crystal structures of the GluR2 S1S2 domain, in complex with a range of full and
partial agonists, established a strong correlation between agonist efficacy and degree
of LBD closure. A similar relationship was observed in the GluR6 kainate recep-
tor.!93122 These results led to a structural model of iGluR activation, in which ago-
nist binding induces LBD closure by rotating D2 toward D1, separating the linker
regions and promoting channel opening. According to this hypothesis, partial ago-
nists induce less domain closure and consequently less linker separation, slowing a
subunit-specific pregating conformational change.'¢3

Engineering steric clashes in the LBD, thus destabilizing the closed cleft state,
reduces agonist efficacy and apparent affinity in NR2, GluR2, and GIuR®6,'64-166
while elimination of agonist—cleft clashes in GluR2 reportedly slows receptor deac-
tivation and increases affinity and efficacy.'’ Stabilization of the NR2 closed cleft
state via modulation of an endogenous D1-D2 interaction can also increase open
probability, kinetically linking LBD closure and channel gating.!®® Interestingly,
crystal structure data obtained from mutagenesis studies has not always followed
the cleft closure—agonist efficacy correlation; GluR2 L650T, for example, stabilizes
the closed cleft state, increasing kainate-induced efficacy and degree of domain clo-
sure, but the AMPA-bound structure revealed both partially and fully closed con-
formations.'®” A cleft stabilizing GluR6 D1-D2 interaction dramatically increased
glutamate sensitivity and slowed deactivation when introduced in GluR2, but did
not affect cleft closure. Full agonist-bound GluR6 is almost 6° more closed relative
to GluR2.164

Crystal structures obtained for the NR1 subunit revealed that full and partial ago-
nists adopt similar degrees of domain closure, indicating that partial agonist action at
an NMDAR may follow a different structural paradigm from other iGluRs.!®° Because
no partial agonist-bound crystal structure is presently available for the NR2 subunit,



Activation Mechanisms of NMDA Receptors 301

it is not yet known which model describes the behavior of the NR2 LBD. Both struc-
tural and molecular dynamics studies suggest that the LBD hinge region, particularly
the second interdomain P strand, changes conformation according to agonist effi-
cacy.!>170 Helix F that forms part of the LBD dimer interface has been implicated in
coupling agonist efficacy to channel gating in NR2A.!63 NR1-site partial agonism has
also been correlated with increased inter-pocket motion, and both glycine and DCS
can reportedly move within the pocket without affecting domain closure.'”

Incomplete and unstable cleft closures have been proposed to affect single chan-
nel gating similarly,'¢® suggesting that degree of cleft closure may simply be a physi-
cal readout of closed cleft stability. Thus, closed cleft stability, and not simply a
physical change in conformation between D1 and D2, may be the principal determi-
nant of agonist efficacy at iGluRs.

Understanding the structural basis of partial agonism is of both scientific and
clinical interest, since NMDAR hypofunction has been shown to cause cognition and
memory defects in animal models."”"!7? Glutamatergic dysfunction has been impli-
cated in the pathophysiology of schizophrenia!”® and receptor augmentation may
prove therapeutically valuable. Although both glycine and D-cycloserine (DCS), a
well-tolerated partial glycine site agonist, initially exhibited some efficacy in the
treatment of schizophrenia,'™-177 a recent multisite double blind randomized trial
found both glycine and DCS ineffective for treating negative symptoms and cogni-
tive impairments.!”® DCS has been shown to enhance learning and memory perfor-
mance in adult and aged rodents'”-182 and monkeys,'®? and is undergoing testing
as a cognitive enhancer for treating Alzheimer’s disease,'3*-1% head trauma,'®” and
fear extinction.!$8-193 Reported subtype-specific partial agonism at the NMDAR also
opens the possibility of individually targeting NR2 subtypes that exhibit regional
and developmental variations in expression.?’

13.3.8 PosITIVE ALLOSTERIC MODULATORS

Few positive modulators, endogenous or otherwise, have been found to act on the
extracellular portions of NMDARs. Polyamines such as spermine and spermidine
exert both inhibitory and stimulatory effects, depending on concentration and sub-
unit composition (see Chapter 11). Polyamines are generally found within cells and
whether they participate in physiological regulation of NMDARs!** remains unclear.
Pregnenolone sulfate (PS), a neurosteroid synthesized de novo in the CNS, also
exhibits subunit-specific potentiation and inhibition.!”>!% A recent study suggests
that PS is released in an activity-dependent manner and may attain synaptic con-
centrations in the micromolar range, suggesting a possible endogenous modulatory
role.!”’

PS potentiates NR2A- and NR2B-containing NMDARS via increases in channel
open probability; however, due to a glutamate-induced reduction of receptor affinity
for PS, the effect is relatively transient.!*® In contrast, NMDARSs containing NR2C or
NR2D subunits are inhibited by PS, and all four NR2 subtypes are inhibited by preg-
nanolone sulfate, a closely related neurosteroid.'®® Planar and bent ring structures
appear to favor stimulation and inhibition, respectively, while both necessitate a neg-
atively charged C3 moiety."”” PS binding has been localized to a steroid modulatory
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domain, SMDI, comprised of the M4 transmembrane domain and helix J/K located
in the S2 segment of the ligand binding domain.?® Since PS is a charged molecule
and potentiation displays no voltage dependence,?"! helix J/K is a more likely can-
didate for direct binding. This region of S2 has recently been shown to form part of
the LBD dimer interface, a region identified as a binding site for numerous positive
allosteric modulators of AMPARs.!>

PS treatment of neuronal cultures exacerbates NMDA-induced excitotoxicity,'*’
while intracerebroventricular administration in mice has been shown to cause con-
vulsions, although that effect may be due to inhibitory actions at the GABA , recep-
tor.292 Hippocampal PS concentration has been correlated with preserving cognitive
functions in aging animals?® and in vivo infusion of PS enhances neurogenesis in
mice.?** PS has also been shown to increase LTP in the hippocampus,?® possibly
providing a mechanism for its role as a cognitive enhancer.

Although the nonselective effects of PS may preclude its clinical use, it may
serve as a promising starting point for therapeutic development. Positive allosteric
modulators of AMPARS, known as ampakines, improve learning and memory and
suppress symptoms of schizophrenia, depression, and ADHD in animal models. Ini-
tial studies in humans have also shown positive effects on memory and psychiatric
symptoms.2%® Crystal structures of GIuR2 in complex with two ampakines, anirace-
tam and CX614, revealed that both modulators bind within the LBD dimer interface,
slowing deactivation and/or desensitization."”® Ampakines are proposed to enhance
cognitive function in a three-fold manner: expansion of cortical networks, facilita-
tion of LTP, and upregulation of BDNF expression.2?¢ Based on the structural homol-
ogy among iGluRs, and the role of NMDARs in LTP induction, the development of
an NMDAKkine is certainly within the realm of possibility.

13.4 CONCLUSIONS

NMDARs play critical roles in both the proper development of the central nervous
system and the processes underlying functional and structural plasticity in the adult
brain. They are able to perform these tasks because they possess a combination of
unique properties: (1) high affinity for the excitatory transmitter L-glutamate, (2) very
slow kinetics of (de)activation, (3) pronounced voltage dependence due to external Mg
block, (4) high permeability to Ca ions, and (5) large cytoplasmic domains that enable
them to become part of and help organize large macromolecular synaptic signaling
complexes.

The high affinity for glutamate and relatively slow (de)activation kinetics allow
NMDARs to decode synaptic input patterns over prolonged periods (Figure 13.1).
Their voltage dependence enables them to act like molecular coincidence detec-
tors, mediating calcium influx only when strong membrane depolarization coincides
with synaptic release of glutamate. Ca ions entering through NMDARs act locally
at signaling complexes associated with the receptor, to allow long-lasting modifica-
tion of individual synapses. In addition to this highly localized action, activation of
NMDARSs in distal dendrites can signal to the nucleus to affect gene transcription
by mechanisms that are not fully understood. Finally, the regenerative properties
of NMDARs allow them to help generate and propagate dendritic depolarizations,
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resulting in nonlinear processing of synaptic inputs that may endow neurons with
novel computational abilities.

Based on these unique properties, it is not surprising that NMDAR hypofunc-
tion or overstimulation can result in many cognitive defects and brain dysfunction,
making these receptors prime therapeutic targets. Unfortunately, clinical results
with NMDAR drugs have been limited because of a combination of lack of efficacy
and unacceptable side effects. However, recent progress in elucidating the molecular
mechanisms underlying activation of NMDARs, driven by the availability of high
resolution X-ray structures for the ligand binding domains, is likely to revitalize the
search for more effective and subtype-specific NMDAR drugs. Particularly promis-
ing are the allosteric modulators that either enhance or inhibit NMDAR function to
a well-defined extent, without acting as (ant)agonists. Their inherent dose limiting
ability indicates that allosteric modulators will be far better tolerated than the com-
pounds investigated to date.
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14.1 INTRODUCTION

Presynaptic receptors, by virtue of their locations, are ideally suited to influence
the efficacy of synaptic transmission by affecting neurotransmitter release.’® In the
nervous system, action potential invasion of presynaptic terminals results in a char-
acteristic series of events: initial Ca?* entry, followed by the activation of presynaptic
vesicular release machinery, vesicular fusion, and the release of neurotransmitter
into the synaptic cleft.!3105 The efficacy of synaptic transmission is thus governed
by the probability of neurotransmitter release, the amount of transmitter released
from the presynaptic terminal, the type and number of postsynaptic neurotransmitter
receptors, and their response to the released transmitter.

Short- and long-term activity-dependent modulation of the efficacy of a syn-
apse can proceed via a multitude of signaling mechanisms that impact on either
the presynaptic release or the receptors that mediate postsynaptic responses.!3-06.102
Such modulatory mechanisms will be crucial for regulating the flow of information
throughout the nervous system and have been implicated in many neural processes
including learning and memory, vision, motor control, and neuroprotection.

Modulation of transmitter release at a synapse was first demonstrated in the classi-
cal studies of Dudel and Kuffler*® and Eccles®® who identified that presynaptic GABA
receptors inhibited transmitter release from crustacean motor neuron terminals and
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vertebrate sensory neuron terminals in the spinal cord, respectively. Since then, the
modulation of transmitter release by presynaptic receptors is an accepted signaling
pathway, and although the focus of attention initially fell on metabotropic G-protein
coupled receptors,’>%* it soon became clear that numerous populations of presynaptic
ionotropic receptors are equally important.>3->%.67

One receptor that has not featured prominently as a presynaptic regulator of
transmitter release is the N-methyl-D-aspartate (NMDA)-sensitive glutamate recep-
tor. It was first proposed to have a presynaptic locus of expression after it was found
that exogenously applied NMDA facilitated the release of tritiated neurotransmitter
from synaptosomes prepared from noradrenergic terminals in the hippocampus,®
cerebral cortex,” and from dopaminergic terminals in the striatum.3*3%112 Because
of the nature of the preparations, these early studies failed to identify the exact loci
of NMDA receptor (NMDAR) subunit expression.

Further evidence for presynaptic NMDARs came from the pioneering work of Liu
and colleagues® who identified NR1 subunit immunoreactivity in both the dorsal and
ventral horns of the rat spinal cord, specifically on axon terminals and very near the
active zone, indicating a direct role in the regulation of transmitter release. Similarly,
immunoreactivity for NR1 and NR2 was found on presynaptic boutons in rat cerebel-
lar cortex®>83 and at mossy fiber CA synapses in monkey hippocampus.®® These early
findings provided the necessary impetus to find a more widespread role for presynaptic
NMDARSs in the regulation of neuronal signaling in the CNS.

In this chapter, we discuss recent advances in our understanding of presynap-
tic NMDARs as important modulators of synaptic transmission. We consider the
potential sources of glutamate for NMDAR activation; the downstream signaling
mechanisms that ensue; and the differing forms of synaptic plasticity mediated by
presynaptic NMDARSs that undoubtedly help sculpt information processing in the
brain.

14.2 CRITERIA FOR DEFINING PRESYNAPTIC RECEPTORS

Ideally, before attempting to classify a receptor as having a putative presynaptic location
and roles in modulating neurotransmitter release, several criteria should be satisfied:
1. Immunohistochemical or electron microscopic (EM) evidence of a presynap-
tic location of receptor subunits at a given synapse.
2. Presence of the modulatory transmitter at or adjacent to a synapse.
3. Exogenous application of the transmitter should mimic physiological activa-
tion of the receptor.
4. Selective receptor antagonists should block presynaptic receptor activation.
5. Downstream signaling cascades leading to altered transmitter release should
be identified in the presynaptic axon terminals.
6. Activation of the presynaptic receptor should affect the frequency of minia-
ture synaptic currents in preference to their amplitudes.
7. The paired-pulse ratio (PPRs) of the amplitudes of two consecutively evoked
synaptic currents should be increased or decreased by presynaptic receptor
activation. Caution is required when using the PPR as a sole indicator of
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presynaptic receptor activation as postsynaptic mechanisms can contribute
to a change in PPR.%
8. Measurement of a change in the coefficient of variation (CV) of evoked

synaptic current amplitudes.
Frequent use is made of comparing the CV with the mean amplitude (m) of evoked
synaptic currents to deduce whether variations in synaptic efficacy have their origins
at presynaptic or postsynaptic locations. Generally, proportionate changes in CV-2
and m indicate presynaptic modulation of transmitter release, whereas changes to m
without alteration to CV-2 indicate modulation of postsynaptic receptors.

14.3 LOCATIONS OF NMDA RECEPTORS AT SYNAPSES

Although it is widely known that NMDARs are located at the postsynaptic densi-
ties of excitatory synapses,?”’® where they mediate the slow excitatory postsynaptic
potential, their locations on presynaptic axon terminals, has been more contentious.
Early trafficking studies revealed that NMDARSs are potentially mobile by radiola-
belling with the antagonist CPP. They were shown to move bidirectionally along the
vagus nerve and were restricted by its ligation.?3

At the light and electron microscopy level, positive immunoreactivity has been
observed for NMDAR subunits on a wide variety of asymmetrical synapses through-
out the mammalian brain, including the dorsal and ventral horns of the spinal cord,®
neocortex,? hippocampus,3?°® cerebellar cortex,®? visual cortex,* anterior cingu-
late cortex,'!! nucleus accumbens,*> amygdala,® and retina.!’3 Immunoreactivity for
NR2B subunits has also been reported on axonal growth cones isolated from embry-
onic day 18 (E18) brains.* These reports illustrate the potentially widespread distri-
bution of presynaptic NMDARs that may affect excitatory synaptic transmission in
the mammalian CNS.

Immunoreactivity for NMDAR subunits can also be found at symmetrical syn-
apses on subpopulations of GABAergic inhibitory boutons in the bed nucleus of the
stria terminalis, cerebellar cortex, paraventricular hypothalamic nucleus, neocortex,
and arcuate nucleus.?328! Rich plexuses of NR1-immunoreactive terminal-like vari-
cosities are present in many nuclei in the basal forebrain, midline thalamus, and peri-
ventricular hypothalamus.? Surprisingly, very few NR1 labeled fibers are apparent
in the midbrain, brainstem, and at some cortical levels, suggesting the distribution of
presynaptic NMDAR subunits is seemingly confined to brain structures involved in
controlling autonomic, neuroendocrine, and limbic functions.

Many earlier observations reported the presence of one type of NMDAR sub-
unit, but this does not constitute proof that functional receptors are present because
they are formed only after hetero-oligomerization.”? Although it is possible to detect
immunoreactivity for multiple NMDAR subunits on the same axon terminals (NR1
and NR2A-D are all expressed on axon terminals of interneurons that synapse with
Purkinje cells in the cerebellum??), this also does not prove that functional NMDAR
channels are present. Thus, positive immunoreactivity per se does not confirm the
presence of functional presynaptic receptors, which can be assessed only via electro-
physiological approaches (see criteria).
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14.4 PHARMACOLOGY OF PRESYNAPTIC NMDA RECEPTORS

With regard to the NMDAR isoforms present on presynaptic terminals, immunocyto-
chemical studies can only suggest potential subunit assemblies, unless, of course, sub-
unit expression is limited to the NR1 subunit and a single NR2 isoform. We know that
the minimum requirement for NMDAR cell surface expression is for a single NR1
subunit and at least one NR2 subunit isoform. While the type of NR2 subunit incorpo-
rated influences the pharmacological and physiological properties of NMDAR,26:72.80
very few ligands can definitively distinguish among NMDAR isoforms.

Our selection of certain studies as exemplars highlights the usefulness of selec-
tive ligands and the potential problems of interpreting the data. Ifenprodil, an NR2B
selective ligand,''® was used to deduce that NR1 and NR2B receptors are present
on axon terminals in the visual cortex® and entorhinal cortex.!"” By contrast, in the
hippocampus, receptors comprised of NR1 and NR2A were thought to reside on
Schaffer collateral terminals, promoting axon excitability and enhancing glutamate
release. The presynaptic expression of NR2A was deduced because the increase in
axon excitability by applied NMDA was inhibited not by ifenprodil, but by NVP-
AAMO77'%—an NR2A, selective, antagonist.!%63

Caution is required when using selective NMDAR antagonists to deduce subunit
compositions of presynaptic NMDARs. For example, NVP-AAMO077 can inhibit
receptors comprising NR1 and NR2B subunits.!® The difference between the K,
values for NVP-AAMO77 inhibiting the activation of NR1/NR2A and NR1/NR2B
receptors is only 10-fold®—the absolute minimum for any ligand to show reason-
ably useful selectivity between two receptor isoforms. To complicate matters, NVP-
AAMO77 also has appreciable affinity for receptors containing the NR2C or NR2D
subunit; the K;s are only 1.6- and 7-fold higher, respectively, than for NR2A subunit-
containing receptors.*8° The closeness of the K;s for the current class of competitive
antagonists at recombinant NMDARs suggests they are not well suited for distin-
guishing NMDAR isoforms.

An alternative approach may be utilizing ion channel blockers such as Mg?*,
phencyclidine, ketamine, memantine, MK-801, and argiotoxin-636. Moreover, with
the exception of argiotoxin-636, these agents are poorly selective among NMDAR
isoforms.® The most selective is MK-801 that exhibits a 10-fold separation in K;s for
NR2A or NR2B over NR2C or NR2D subunit-containing NMDARs.!"® Argiotoxin-
636 is of some interest. Although it cannot distinguish NR2A and NR2B subunit-
containing receptors, it will select for receptors that contain either of these over
NR2C or NR2D subunit-containing receptors for which the K, is around 50-fold
higher.%

The final class of compounds in the pharmacological armamentarium for the
NMDAR constitutes the allosteric ligands that bind primarily to the N-terminal regions
of the NR2 subunits. Ifenprodil, an NR2B selective antagonist, is one of the more use-
ful compounds, exhibiting a greater than 200-fold selectivity over NR2A, 2C, and 2D
subunit-containing receptors.® This is surpassed by CP101-6067 and Ro25-69813# that
showed 750- and 3300-fold greater selectivities, respectively, for the NR2B subunit.

Another N-terminal inhibitor that may prove more useful in distinguishing
NMDAR isoforms is the divalent cation Zn?*.190:191 Zinc ions are at least 100-fold more
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potent (based on ICs;) as inhibitors at NR1/NR2A receptors compared to the next
most sensitive NMDAR isoform containing NR1/NR2B subunits™!%” and approxi-
mately 1000- and 500-fold more potent than at NR2C and NR2D subunit-containing
receptors.?88 Although Zn?* appears ideal for differentially detecting NR2A, and
possibly NR2B subunits, it is important to note that the inhibition saturates at less
than 100% at high Zn?* concentrations®®; thus a residual response is always present.
Low concentrations of Zn?* can also potentiate glycine receptor function and inhibit
some isoforms of GABA , receptors.!

The pharmacology of putative presynaptic NMDARs is therefore complex and
our desire to achieve clarity is hampered by a lack of highly selective ligands. A fur-
ther complication arises from the ability of NMDARSs to not just form diheteromers
but also triheteromers, possibly incorporating more than one type of NR2 subunit.?%8
Unfortunately, the pharmacology of these triheteromers is insufficiently distinct for the
current crop of ligands to be able to unequivocally distinguish their presence among
native NMDARs in neurons.** We can also add the possibility that triheteromers may
incorporate NR1, NR2, and NR3 subunits.??%3 Although such a subunit combination
will exert effects on single channel conductance and permeability to Ca?*, ligands
with suitable selectivity are lacking. Whether the NR3A subunit is a subunit partner
for presynaptic NMDARSs remains to be seen.

14.5 SOURCES OF GLUTAMATE

To better understand the physiological role of presynaptic NMDARs in mamma-
lian brains, we must first consider the sources of glutamate that may activate pre-
synaptic NMDARs: (1) glutamate released from the same terminal on which the
receptors are expressed (autoreceptor); (2) direct synaptic excitation of presynaptic
boutons (axo-axonic); (3) diffusion of glutamate from an adjacent active terminal
(spillover); and (4) following the activity-dependent release of glutamate from the
dendrites of a postsynaptic cell (retrograde); and (5) release from surrounding glial
cells (paracrine).

14.5.1 PRESYNAPTIC AUTORECEPTORS

Several neurotransmitters have been shown to modulate their own releases through
relatively well-defined presynaptic autoreceptor systems.’® However, the existence and
functional role of presynaptic NMDA autoreceptors remains less well-defined and
has been complicated by the presence of such receptors on the postsynaptic side of
the synapse. The first evidence to suggest that NMDARSs could modulate the release
of glutamate appeared in the early 1990s when NMDAR antagonists were shown
to reduce K*-evoked glutamate release from CA1 hippocampal neurons.”! In addi-
tion, in vivo dialysis of NMDAR agonists resulted in a dose-dependent increase in
the extracellular concentration of glutamate in the striatum, indicative of presynaptic
NMDARS being located on cortico-striatal nerve endings.!®

In terms of synaptic transmission, bath application of NMDAR agonists (e.g.,
NMDA) and antagonists (e.g., D-APV) alters the frequency of spontaneous and
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miniature EPSCs in the entorhinal cortex,!’!” spinal cord,?°? visual cortex,® and
cerebellar cortex.!®*! This type of modulation is indicative of tonic activation of
presynaptic NMDARSs by, presumably, ambient glutamate. These effects persisted
in the background presence of tetrodotoxin (TTX) and when postsynaptic neu-
rons were dialyzed with MK-801, thus excluding the possibility that the effects
on synaptic current frequency resulted from a change in NMDAR-dependent
network activity or activation of postsynaptic NMDARs. As expected for a coin-
cidence detector, varying the extracellular Mg?* concentration or increasing pre-
synaptic afferent activity enhanced the effects of presynaptic NMDAR activation.
Low rates of afferent activation would cause insufficient terminal depolarization,
leading to incomplete relief from Mg?* block of NMDARs. Higher activation
rates would be more effective by allowing coincident detection of extracellular
glutamate_8,19, 43,92,99,117

Interestingly, tonic facilitation of transmission in the entorhinal cortex, where
NRI1 and NR2B subunits are thought to be important,'!'” decreases during devel-
opment. However, this is not associated with a switch in subunit expression®”% but
instead it appears that the loss of autoreceptor function in adult animals may reflect
decreases in surface expression of presynaptic NR2B subunits or a redistribution of
NR2 subunit-containing receptors to a location relatively inaccessible to ambient
glutamate.'?° The loss of function observed in older animals was reversed if the ani-
mals suffered chronic epileptic seizures, indicating that this pathophysiological state
caused an upregulation of NR2B subunit expression, a redistribution of NMDARS to
sites accessible to ambient glutamate, or a change in the composition of the existing
nonredistributed NMDARs.!?0

Although the data does not functionally link increased expression of presynaptic
NMDA autoreceptors and epileptogenesis, it indicates a possible link between presyn-
aptic autoreceptor function, enhanced basal glutamate release, and elevated network
excitability in the entorhinal cortex. It will be of interest to see whether other patho-
physiological states are capable of altering presynaptic NMDA autoreceptor activity.

Presynaptic NMDA autoreceptors may also play a role in long-term synaptic
plasticity. For example, in neocortical layer 5 pyramidal neurons, a form of long-term
depression (LTD) known as timing-dependent LTD (tLTD) relies on postsynaptic
action potential firing preceding presynaptic afferent activity. This causes the simul-
taneous activation of presynaptic endocannabinoid (CB1) receptors and NMDARs.*
The CBI receptors detect the extent of postsynaptic activity through the retrograde
release of endocannabinoids, whereas the presynaptic NMDA autoreceptors are sen-
sors for presynaptic spiking. The initial spike acts to relieve the Mg?* block, while
subsequent spikes lead to glutamate pooling around the terminal and activation of
presynaptic NMDA autoreceptors.

In a similar manner, presynaptic NMDA autoreceptors also play a role at layer
4 to layer 2/3 synapses in the somatosensory cortex during the induction of spike
timing-dependent plasticity (STDP).° Similar to the induction of tLTD in visual
cortex, STDP also requires retrograde endocannabinoid signaling and activation of
apparently presynaptic classed as (non-postsynaptic) NMDARs.?

Presynaptic NMDARs also feature in LTD of parallel fiber inputs in the cerebel-
lum.'*2% In this case, a presynaptic NMDAR-mediated Ca?* influx activates neuronal
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nitric oxide synthase (nNOS) to produce NO in the parallel fibers. This is thought
to diffuse across the synapse to the Purkinje cell where, by activation of guanylate
cyclase, cGMP is produced, resulting in the activation of cGMP-dependent protein
kinase (PKG).% Ultimately, this signaling pathway could result in inhibition of protein
phosphatases (likely to be PP1 and PP2A) in Purkinje cells and the phosphorylation
of AMPARs, possibly GluR2 at Ser-880. This will then cause their internalization
and ensuing LTD.*#4 Given the a lack of functional NMDARs on Purkinje cells,?>!
the logical explanation is that repetitive parallel fiber activation triggers autoreceptor
activation of presynaptic NMDARs expressed at parallel fiber axon terminals to initi-
ate a signaling cascade leading to LTD.!%20

However, an alternative plausible explanation was suggested by a recent study
from Shin and Linden.”” They proposed that the NMDAR-NO cascade involved in
cerebellar LTD is not localized to parallel fibers, but to interneuronal axon termi-
nals.”” The presynaptic NMDARSs are most likely activated by glutamate spillover
from the PFs, leading to NO release from interneurons that diffuses to the Purkinje
cells to evoke LTD. The difficulty in deducing the correct explanation stems from
a lack of detailed EM immunostaining for NMDAR subunits on nerve terminals in
the cerebellum.

Although in general the data on presynaptic NMDA autoreceptor function is
limited, the widespread distribution of presynaptic NMDARs on asymmetrical syn-
apses, as indicated by electron microscopy studies (see previous section), suggests
that autoreceptor regulation of synaptic transmission will be a prevalent feature of
information processing throughout the mammalian CNS (Figure 14.1A).

14.5.2 AXO-AXONIC SYNAPSES

Axon terminals are normally considered output devices, modulated by presynaptic
receptors and ion channels. Extracellular stimulation in the spinal cord results in
synaptically evoked excitatory currents in the axons of reticulospinal neurons.?* As
synaptic potentials can be generated in either direction, and are sensitive to block by
D-APV,?#% they probably originate from axo-axonic synapses (Figure 14.1B).3*

The excitatory innervation of reticulospinal axons may come from dorsal root
ganglion primary afferents,' excitatory interneurons,'>'” and other reticulospinal
neurons.'® These synaptic inputs occur at various locations along axons and the
latency of the input is directly associated with the distance of the stimulation elec-
trode from the recording electrode. Tetanic stimulation of inputs to the reticulospinal
axon results in a prolonged NMDAR-dependent increase in terminal Ca?* concentra-
tion that can last for several seconds.

The depolarization resulting from NMDAR activation is insufficient to activate
voltage-activated Ca”* channels, indicating that Ca?* must enter solely via the acti-
vated NMDAR ion channels to enhance transmitter release.?> The presence of axo-
axonic excitatory synapses is not unique to the lamprey; they appear to exist also on
afferent fibers of frog spinal cord.'” Although there is no evidence to support a role
for excitatory axo-axonic synapses in the mammalian CNS, the diverse expression of
presynaptic NMDARSs suggests that they could potentially play a role in modulating
synaptic transmission.
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FIGURE 14.1 (See color insert following page 212.) Presynaptic NMDAR activation by
released glutamate. (A) Presynaptic autoreceptor activation. High-frequency afferent stim-
ulation (100 Hz) onto a layer 5 (L5) neocortical neuron enables presynaptically released
glutamate (Glu) to activate presynaptic NMDA autoreceptors (NMDAR). (B) Axo-axonic
NMDAR activation. Direct afferent input onto axon terminals enables released glutamate to
activate presynaptic NMDARs, thereby regulating glutamate release onto AMPA receptors
(AMPAR) and NMDARs on postsynaptic neurons. (C) Spillover-dependent NMDAR activa-
tion. High-frequency stimulation of cerebellar climbing (CF) or parallel fibers (PF) results in
glutamate pooling and saturation of juxtaposed excitatory amino acid transporters. Synaptic
glutamate can diffuse out of the synapse (spillover) to activate presynaptic NMDARSs on
inhibitory interneurons. This leads to increased GABA release and postsynaptic GABA ,
receptor (GABA ,R) activation. (D) Retrograde/paracrine release-dependent NMDAR acti-
vation. At the interneuron (IN)—Purkinje cell (PC) synapse, postsynaptic depolarization via
CF stimulation and AMPAR activation enables Ca* influx via voltage-gated Ca?* channels
(VGCC) to induce the retrograde release of vesicular glutamate from the PC. Enhanced
GABA release results from Ca?* induced Ca?* release from ryanodine-sensitive stores (RyR).
Alternatively, activation of the perforant path in the hippocampus leads to the paracrine
release of glutamate from adjacent glial cells. Either source of released glutamate activates
presynaptic NMDARSs to enhance synaptic efficacy.

14.5.3 SPILLOVER

Synaptic transmission during minimal presynaptic afferent activity is largely con-
strained to the postsynaptic density (PSD). This area is considered to form the
boundary of a synapse. The diffusion of neurotransmitter from this boundary is
largely controlled, in the case of glutamate, by the density and activity of surround-
ing excitatory amino acid transporters.”19619% However, during periods of more
intense presynaptic activity, the concentration of neurotransmitter in the cleft can
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rise sufficiently to saturate transporter-based mechanisms, leading to their inability
to control the spatial spread of neurotransmitter to peri- and extrasynaptic sites.

The process of transmitter spillover acts to reduce synapse independence, while
promoting heterosynaptic activation and synaptic crosstalk (Figure 14.1C).5"70 The
biophysical characteristics and high affinity of NMDARs for glutamate are pivotal for
“sensing” transmitter spillover from adjacent sites.?%!'* Such a role for NMDARSs has
been extensively studied in the cerebellum. Here repetitive stimulation of climbing fiber
(CF) inputs to Purkinje cells reduces the amplitude of sSIPSCs via NMDAR activation.
This was explained by glutamate spillover from CF synapses, resulting in activation
of presynaptic NMDARs on adjacent interneuron axon terminals/boutons.3?*! Inhibi-
tion of glutamate uptake by TBOA, a nontransportable neuronal and glial transporter
antagonist,”® resulted in a significant enhancement in synaptic crosstalk between
excitatory and inhibitory inputs in the cerebellar cortex.*® Therefore, glial glutamate
transporters, and to a lesser extent neuronal transporters, strictly control the spatial
spread of glutamate from CF synapses.>’

The spillover of glutamate to neighboring synapses is not restricted to CF syn-
apses in the cerebellum; high-frequency bursts of parallel fiber (PF) activity similar
to that observed in vivo?' also produces glutamate pooling and spillover to nearby
interneuron axon terminals. The resulting presynaptic NMDAR-dependent increase
in inhibitory synaptic efficacy can last several ten of minutes.%*

Activation of presynaptic NMDARs on GABAergic inputs by released glutamate
is not exclusive to the cerebellum. Lien and colleagues® showed that light-induced
or theta burst stimulation of the optic nerve in the developing Xenopus retinotectal
system induced LTP of glutamatergic inputs and LTD of GABAergic inputs onto
the same tectal neuron. Although both forms of plasticity were blocked by D-APYV,
only LTP of excitatory afferents was abolished by infusing the tectal cell with MK-
801. This suggests that high-frequency stimulation of excitatory afferents resulted
in spillover activation of NMDARs on adjacent interneuron terminals, which were
depolarized by the same theta burst stimulation. These findings provided the first
evidence for the involvement of presynaptic NMDARs in coincidence detection and
synaptic plasticity in vivo.

Spillover activation of presynaptic NMDARSs has also been implicated in a form
of associative long-term plasticity of cortical afferents in the amygdala. By coinci-
dently stimulating converging inputs to the amygdala from the thalamus and cor-
tex, LTP resulted, but only at the cortical afferent synapses.*’ Blocking postsynaptic
NMDARs with intracellular MK-801 did not prevent LTP induction, indicating that
the NMDARs required for associative LTP must have a presynaptic locus of expres-
sion in accord with the presence of NR1 subunits on presynaptic terminals in the
amygdala.® It is conceivable that stimulation of thalamic inputs may directly activate
presynaptic NMDARS on adjacent cortical axon terminals. The induction of LTP will
then be restricted to those cortical synapses that are active during thalamic afferent
stimulation.

14.5.4 RETROGRADE/PARACRINE RELEASE

Retrograde signaling provides an efficient feedback mechanism to enable postsynaptic
neurons to communicate with their presynaptic afferents and control transmitter release.
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It is thought to operate at a variety of synapses throughout the brain and the classical
neurotransmitters, neuropeptides, and endocannabinoids have all been identified as ret-
rograde messengers.®> However, while endocannabinoids operate almost ubiquitously
throughout the brain, retrograde activation of presynaptic NMDARs appears, to date,
to be confined to select synapses in the cerebellum and hippocampus.

The exact mechanisms that operate to enable retrograde transmitter release and
activation of presynaptic NMDARSs remain largely unresolved. Even the identity of
the retrograde messenger remains elusive. It is presumed to be glutamate or a gluta-
mate-like molecule and may involve reversed operation of glutamate transporters or
exocytosis from postsynaptic vesicles.

Generally, the induction of retrograde ‘glutamate’ release requires stimulation
of the postsynaptic cell, either directly or by activating afferent inputs, and the influx
of Ca?* 50121 These features are crucial for the expression of a form of inhibitory syn-
aptic plasticity known as depolarization-induced potentiation of inhibition (DPI) at
interneuron—Purkinje cell synapses in the cerebellar cortex.> Purkinje cell depolariza-
tion either directly or by CF activation together with Ca** influx was sufficient to ensure
the activation of APV-sensitive NMDARs (Figure 14.1D).

The insensitivity of Purkinje cells to NMDA indicated that the locus of NMDAR
expression must be presynaptic. This was confirmed by revealing immunoreactivity for
NRI1 and NR2A through D subunits on interneuronal axon terminals.?? Subsequently
following the activation of presynaptic NMDARs, Ca?* influx via NMDA channels,
but not via voltage—gated Ca?* channels, induced Ca?* release from ryanodine-sensitive
Ca?* stores, resulting in increased release of GABA.* The presence of functional pre-
synaptic NMDARSs was elegantly confirmed by patch clamp recording of single NMDA
ion channel activity on basket/stellate cell terminals.*

The retrograde release of glutamate was not inhibited by glutamate transporter
blockers,* but was substantially reduced by using ligands that disrupt SNARE-
dependent vesicular release, e.g., botulinum toxin B, GDP-B-S, or N-ethylma-
leimide.?! Definitive evidence of the source of ‘glutamate’ release was provided by
vibromechanically isolating Purkinje cells with attached GABA-releasing inhibitory
axon terminals (nerve—bouton preparation’!!%). The ability to depolarize Purkinje
cells and still activate presynaptic NMDARs proved that the retrograde glutamate
was released from individual Purkinje cells in preference to surrounding glia.?!

During early development, presynaptic NMDARs located on Schaffer collateral
axon terminals on hippocampal CA1 neurons are also modulated by the release of
aretrograde messenger. However, unlike in the cerebellum, the messenger involved
is not glutamate, but a pregnenolone sulfate (PS)-like neurosteroid synthesized de
novo during afferent stimulation.>*’ The resulting allosteric modulation of presyn-
aptic NMDARs produces a significant enhancement in mEPSC frequency during
early hippocampal development (P3—4), probably due to an increase in the prob-
ability of release at excitatory synaptic terminals.® This neurosteroid modulation
disappears during development (>P6), coinciding with a decline in NR2D subunit
expression during the first postnatal week in the murine hippocampus.’®!"%115 This
association is unexpected because PS potentiates the function of recombinant
NR2A or NR2B subunit-containing NMDARSs and inhibits those containing NR2C
or NR2D subunits.**%® Conceivably, the NMDARSs on the Schaffer collaterals may
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possess different NR1 splice variants or form triheteromers with two distinct types
of NR2 subunits.®® Whether this is sufficient to alter modulation by PS remains to
be seen.

An alternative mechanism that may be important for the release of glutamate and
activation of presynaptic NMDARSs involves paracrine secretion from surrounding glial
cells.”? Studies of cultured hippocampal neurons indicated that astrocyte stimulation
during ongoing presynaptic activity enhanced the frequency of miniature postsynaptic
currents. This was proposed to occur via paracrine release of glutamate activating
extrasynaptic (possibly presynaptic) NMDARS to enhance transmitter release.>¢

This hypothesis is supported by a recent landmark study on astrocyte—neuron
signaling at perforant path granule cell (PP-GC) synapses in hippocampal slices.’!
Stimulating the PP released ATP that activated P2Y1 receptors on adjacent glial cells.
The increased cytosolic Ca?* levels caused the vesicular release of a gliotransmitter
and increased the frequency of mEPSCs in granule cells. By using immunogold
labeling, glutamate was identified as the gliotransmitter since astrocytic vesicles con-
taining glutamate were found directly opposite NR2B subunit-containing NMDARs
on PP presynaptic terminals. By using functional and ultrastructural approaches, this
study provided definitive evidence for the physiological control of synaptic transmis-
sion via exocytosis of glutamate from astrocytes and the corresponding activation of
presynaptic NMDARs.

14.6 CONCLUSIONS

While NMDARs are known for their coincidence detection properties and for under-
pinning slow EPSPs in central neurons, an increasing number of studies indicate that
they have important presynaptic roles in regulating transmitter release. Their location
on axon terminals and their ability to initiate a number of Ca’*-dependent signaling
mechanisms, from presynaptic transmitter release to phosphorylation of postsynaptic
receptors via intermediary messengers, highlights an ever-increasing diversity for pre-
synaptic glutamate receptor signaling at both excitatory and inhibitory synapses.
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163, 174
Postsynaptic cell, 322

Postsynaptic density (PSD), 46, 65, 115, 131, 320

Postsynaptic depolarization, 285
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FIGURE 6.1 (A) NMDAR activation is linked to
numerous intracellular signaling pathways. N-methyl-
D-aspartate (NMDA) receptor (NMDAR) activation
is the major source of activity-dependent calcium
(Ca?) entry into the neuron. In addition, NMDAR
activation may promote the generation of other sec-
ond messengers [CAMP; diacylglyercol (DAG); and
inositol-3,4,5-trisphosphate (IP;)] through NMDAR
association with membrane bound G-protein (Gs, Go)
signaling to adenylate cyclase (AC) and calcium acti-
vated phospholipase (PLC). These second messengers
may promote the activation of signal kinases such as
cAMP-dependent kinase (PKA) and protein kinase C
(PKO). Increased intracellular Ca** and IP; can trig-
ger additional calcium influx via stimulation of cal-
cium-release channels regulating calcium release from
internal stores. (B) Signaling pathways activated by
NMDARs involved in translational elongation. Acti-
vation of NMDARs results in extracellular calcium
(Ca*) entry that eventually activates cAMP-dependent
protein kinase (PKA). PKA-dependent phosphory-
lation and calcium-bound calmodulin promote the
activity of eEF2 kinase (also known as CaMKIII).
eEF2 kinase exhibits autophosphorylation activity
that allows it to remain active after upstream signaling
ceases. eEF2 kinase phosphorylates eEF2 (p-eEF2),
which suppresses translational elongation. This has the
effect of repressing general protein synthesis but can
also produced enhanced translation of some mRNAs
(i.e., 5 TOP mRNA) that under normal conditions are
translated with low efficiency. Protein phosphatase 2A
(PP2A) can dephosphorylate eEF2 kinase to reduce its
activity and de-repress translation elongation. NMDAR
activation may also lead to eEF2 kinase activation via
a mechanism independent of extracellular Ca?* entry.
(C) NMDAR regulation of mRNA maturation through
CPEB. Activation of NMDARSs leads to extracellular
Ca?* influx that activates Ca’*/calmodulin-dependent
protein kinase II (CaMKII) and Aurora kinase. Spe-
cific mRNAs contain 3’ untranslated region sequences
(UUUUUAU) called CPEs. Immature mRNAs with
CPEs are bound by cytoplasmic polyadenylation ele-
ment-binding protein (CPEB) which binds maskin that
also associates with eIF4E (4E) bound to the m’GTP cap
of the mRNA transcript. Translation of the transcript
is inhibited by short poly(A) tails and the sequestra-
tion of 4E. Transcript de-repression is achieved via the
phosphorylation of CPEB (p-CPEB) by CaMKII and
Aurora. This promotes increased interaction between
CPEB and polyadenylation specificity factor (CPSF).
CPEB-CPSF association results in the recruitment of
poly(A) polymerase (PAP) to lengthen the poly(A) tail
of the immature mRNA transcript. Poly(A)-binding
protein (PABP) then binds to the extended poly(A) tail
and in turn interacts with eI[F4G (4G). 4G displaces
maskin binding with 4E, which permits the bound
transcript to be translated. m’GTP = 7-methyl GTP.
AAUAA = polyadenylation signal.
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FIGURE 6.2 Signaling pathways activated by NMDARs and involved in translational initiation.
NMDAR activation in turn activates the phosphatidylinositol 3-kinase (PI3K) and the mitogen-activated
protein kinase (MEK)/extracellular signal-regulated kinase (ERK) signaling pathways. NMDAR activa-
tion produces sequential activation of PI3K, phosphoinositide-dependent kinase 1 or 2 (PDKI1), protein
kinase-B (Akt), and mammalian target of rapamycin (mTOR). mTOR activation leads to activation of S6
kinase 1 (S6K1) and phosphorylation (P) of 4E-binding proteins (4E-BPs). This phosphorylation causes
disassociation of 4E-BPs from initiation factor 4E (eIF4E). Released elF4E interacts with initiation
factor 4G (eIF4G) and forms the active eIF4F (eIF4E-elF4A-elF4G) complex. eIF4F promotes mRNA
binding to the 43S pre-initiation complex to form the 48S pre-initiation complex. ERK-dependent phos-
phorylation of both MAPK-interacting serine/threonine kinase 1 (Mnk1) that can phosphorylate eIF4E
and S6K1 that can phosphorylate ribosomal protein S6 is correlated with enhanced translation initiation.
m7G = 7-methyl-GTP. AAAAAAA, = poly(A) tail.

FIGURE 9.1 NMDAR-dependent calcium influx into active spines is modulated by AMPARs and SK chan-
nels. (A) Spiny dendrite from a mouse CAl pyramidal neuron filled through a somatic whole-cell recording
electrode with the red Ca-insensitive fluorophore Alexa-594 and the green Ca-sensitive fluorophore Fluo-5F.
(B) Line scans through the dendrite and spine as indicated by the dashed line in (A) Arrow heads in (A) and
(B) indicate locations and timings of 500 psec laser pulse used to trigger 2-photon mediated photolysis of
MNI glutamate. Uncaged glutamate binds to and opens NMDAREs, resulting in Ca influx into the spine head
seen as an increase in green fluorescence. The accompanying uncaging-evoked excitatory postsynaptic poten-
tial (WEPSP) is not shown. (C) Examples of uEPSPs (top) and spine head Ca transients (bottom) generated
by glutamate uncaging at a single spine in control conditions (black line) or in the presence of the NMDAR
antagonists CPP and MK-801 (red). (D) uEPSPs from individual spines in control conditions (black line) in
the presence of the SK channel antagonist apamin (red) and the AMPAR antagonist NBQX (green). (E) Flu-
orescence transients measured in the spine head in response to the uEPSPs shown in (D) The amplitude of
the fluorescence transient was directly proportional to spine head Ca. (F) Time course of the calculated spine
head calcium currents in the three conditions. Ca currents were estimated by deconvolving the spine head Ca
transients shown in (E) with the impulse response function of spine head Ca handling (not shown). Scale bars:
(A) 1 pm; (B) 25 msec; (C) 0.5 mV, 5% AG/Gy,, 25 msec; (D) 0.5 mV, 25 msec; (E) 5% AG/Gy,, 25 msec.
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FIGURE 10.2 Expression of dNR1 and dNR2 proteins in adult brain. (A) Confocal imaging
of dNR1 immunostaining in whole-mount adult brain with o.-85S, a specific polyclonal anti-
dNRT1 antibody. All neurons appear to show weak expression of dNR1. The immunopositive
signals were detected in the ellipsoid body (EB, upper inset) or in the calyx of the mushroom
body (MB, lower inset). Many immunopositive signals appear as synapse-like puncta (insets),
indicating synaptic localization of dNR1. (B) Immunolabeling of dNR2 proteins with a-84S,
a specific polyclonal anti-dNR2 antibody. Similar to -85S, all neurons show weak expres-
sion of dNR2, and many synapse-like puncta are found in the ellipsoid body (EB, upper
inset) or in the calyx of the mushroom body (lower inset). (C) and (D) Confocal imaging of
dNR2 immunostaining in whole-mount adult brain with ®-820-1 (C) and o.-820-2 (D), two
independent polyclonal anti-dNR2 antibodies. Immunostaining reveals similar widespread
expression of dNR?2 proteins. Interestingly, strong expression is detected in the R4m neurons
of the EB, suggesting that dNR2 may be preferentially expressed in the EB. (Source: Adapted
from Wu, C.L. et al., Nat. Neurosci., 10, 1578, 2007. With permission.)



FIGURE 13.4 Crystal structures of GluR2 and NR2A ligand binding domains. X-ray crystallographic struc-
tures are shown for the isolated ligand binding domains (LBDs) of the AMPAR GIuR2 in complex with kainate
(A) and the NMDAR NR2A subunit in complex with L-glutamate (C). Only the peptide backbone is shown as
a C-a trace. (B) Relationship of LBDs and linear amino acid sequence.
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FIGURE 14.1 Presynaptic NMDAR activation by released glutamate. (A) Presynaptic autoreceptor activa-
tion. High frequency afferent stimulation (100 Hz) onto a layer 5 (L5) neocortical neuron enables presynaptically
released glutamate (Glu) to activate presynaptic NMDA autoreceptors (NMDAR). (B) Axo-axonic NMDAR acti-
vation. Direct afferent input onto axon terminals enables released glutamate to activate presynaptic NMDARs,
thereby regulating glutamate release onto AMPA receptors (AMPAR) and NMDARs on postsynaptic neurons.
(C) Spillover-dependent NMDAR activation. High frequency stimulation of cerebellar climbing (CF) or parallel fibers
(PF) results in glutamate pooling and saturation of juxtaposed excitatory amino acid transporters. Synaptic glutamate
can diffuse out of the synapse (spillover) to activate presynaptic NMDARSs on inhibitory interneurons. This leads to
increased GABA release and postsynaptic GABA , receptor (GABA ,R) activation. (D) Retrograde/paracrine release-
dependent NMDAR activation. At the interneuron (IN)-Purkinje cell (PC) synapse, postsynaptic depolarization via
CF stimulation and AMPAR activation enables Ca?" influx via voltage-gated Ca®>* channels (VGCC) to induce the
retrograde release of vesicular glutamate from the PC. Enhanced GABA release results from Ca* induced Ca®* release
from ryanodine-sensitive stores (RyR). Alternatively, activation of the perforant path in the hippocampus leads to the
paracrine release of glutamate from adjacent glial cells. Either source of released glutamate activates presynaptic
NMDARS to enhance synaptic efficacy.
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