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1. INTRODUCTION

A number of recent reviews have focused on the
pharmacology, physiology and pathophysiology of EAAs
in the mature central nervous system (CNS)*2-8.7°:
122,140,146.192.195 " The majority of these aspects are also
common to the developing CNS. However, EAAs also
play additional physiological and pathophysiological roles
during CNS development. A rapidly growing body of
evidence suggests that EAAs are involved in a variety of
physiological processes during development, including
regulation of: neuronal survival, dendritic and axonal
structure, synaptogenesis and activity-dependent synaptic
plasticity. EAAs play a critical role in shaping neuronal
circuitry and in learning and memory. Markers of EAA
pathways undergo major changes during the postnatal
period. Excessive activation of EAA receptors, however,
can produce neuronal injury and death. The developing
brain has a unique ontogenic profile of susceptibility to
toxicity produced by agonists selective for each of the
EAA receptor subtypes. Normal CNS development
appears to require an optimum level of EAA receptor
activity; underactivity may delay or disrupt development
and overactivity can produce brain damage. Thus, aber-
rations in the regulation of the activity of EAA pathways
could potentially disrupt critical developmental processes
and may underlie several developmental neurologic
disorders. '

The goal of this review is to integrate a diverse
literature on the physiological and pathophysiological
roles of EAA during development of the CNS. First the
role of EAA in neurotransmission, the characteristics of
EAA receptor subtypes and their expression during
development will be summarized. The next 3 sections
discuss the neurotrophic influences of EAAs, their
participation in the development of neuronal circuitry
and cytoarchitecture and in the regulation of activity-
dependent synaptic plasticity during development. Sub-
sequent sections review the pathophysiological roles of
EAAs during development and the characteristics and
developmental patterns of EAA neurotoxicity. Finally,
the possible roles of EAAs in developmental neurologic
disorders and the therapeutic potential of EAA receptor
antagonists in relation to these disorders will be dis-
cussed.

2. PHARMACOLOGY OF EAA RECEPTORS

EAA neurotransmission in the CNS of mammals is
mediated principaily by glutamate and structurally re-
lated compounds®®-%+2*, Glutamate is the most abundant
amino acid in the CNS®. The majority of glutamate in
the brain, however, is involved in intermediary metabo-

lism in both neurons and glia and only a fraction of the
total glutamate pool participates in neuronal signaling.
Glutamate, stored in synaptic vesicles, is released from
presynaptic terminals by membrane depolarization in a
Ca’*-dependent fashion!>*'%>1%7  The concentration of
glutamate in the synaptic cleft can reach millimolar levels
and the ability of glutamate to produce post-synaptic
excitation is limited by both neuronal presynaptic and
glial high-affinity uptake systems (see Fig. 1)**.

EAA pathways are abundant in the brain and include
cortical association, corticofugal and subcortical path-
ways*>®! It is estimated that EAAs are the primary
neurotransmitter in approximately 50% of the synapses
in the mammalian forebrain. In fact, nearly all neurons
can be excited by glutamate®'. The excitatory responses
to glutamate are mediated by several receptor subtypes
that are commonly classified as N-methyl-p-aspartate
{NMDA) and non-NMDA type glutamate receptors
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Fig. 1. This is a diagram of the EAA synaptic components that
contribute to synaptic transmission, second messenger generation
and cessation of these responses. (1) Glutamate and related EAAs
are released from presynaptic neuronal terminals in a calcium-
dependent process by depolarization of the presynaptic neuron.
(2)-(4) Once released into the synaptic cleft, glutamate can
depolarize the post-synaptic neuronal membrane by binding to at
least 3 subsets of EAA receptors. Activation of (2) the NMDA
receptor channel complex, (3) quisqualate receptors or (4) kainate
receptors can produce cationic fluxes through receptor associated
ionophores. Alternatively, a subset of quisqualate receptors are
linked with phospholipase C, which activates phosphoinositol
hydrolysis and generates the second messengers inositol triphos-
phate (IP,) and diacylglycerol (DG). The distribution of these
subtypes of EAA receptors in brain can be examined with
radiolabeled ligands specific to each receptor subtype. (5) The
excitatory actions of glutamate on post-synaptic membranes is
inactivated by a presynaptic, high-affinity, energy-dependent trans-
port process.



based on their preferential responses to synthetic EAA
receptor agonists™>®. The major agonists used to differ-
entiate non-NMDA receptors are quisqualate and kai-
nate. The non-NMDA receptors appear to mediate fast
excitatory synaptic responses. A group of quisqualate
preferring receptors (described as ‘metabotropic’) is
coupled to phospholipase C and receptor activation leads
to phosphatidy!l inositol hydrolysis and production of
second messengers'*®1°7214. NMDA receptors also par-
ticipate in synaptic transmission but activation may
include more long-lasting post-synaptic events*>8-161.228
A detailed review of the pharmacology and physiology of
EAA receptors is beyond the scope of the present
review. However, more detailed information can be

obtained in several excellent reviews on this subject’®*
146,207,224

2.1. NMDA receptors
Whereas glutamate interacts with all the EAA receptor
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Fig. 2. This diagram outlines current information about the
components of the NMDA receptor/channel complex based on
biochemical and electrophysiological evidence. The NMDA recog-
nition site is coupled to a cationic channel that is permeable to both
Ca®* and Na™. A glycine modulatory site (distinct from the classical
inhibitory glycine site) is closely associated with the NMDA
receptor; glycine is required for channel activation and enhances
NMDA responses. Mg®* blocks the channel in a voltage-dependent
manner; at relatively negative membrane potentials Mg®* blocks the
channel and blockade is relieved by depolarization. Thus NMDA
receptor channel activation requires both NMDA and glycine
receptor activation and concomitant membrane depolarization.
Also, Zn®* reduces NMDA responses by binding to a site on the
external face of the membrane (not illustrated). NMDA responses
can be blocked pharmacologically in at least 3 ways: competitive
NMDA antagonists, such as CPP, compete for binding at the
NMDA recognition site; competitive glycine receptor antagonists,
such as HA-966, block the glycine site and reduced NMDA
mediated responses; and non-competitive NMDA receptor antag-
onists such as MK-801 and dissociative anesthetics bind within the
ionophore to the PCP receptor and prevent ion fluxes.
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TABLE I

Specific and non-specific agonists and antagonisis of EAA-receptor
subtypes

Non-specific compounds non-sclectively interact with all EAA
receptor subtypes. Abbreviations: NMDA, N-methyl-p-aspartate;
AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole  proprionate;
APV, p-2-amino-5-phosphonovalerate; CPP, 3-[(%)-2-carboxypipe-
razine-4-yl}propyl-1-phosphonate; HA-966, 1-hydroxy-3-amino-pyr-
rolidone-2; MK-801, (+)-5-methyl-10,11-dihydro-SH-dibenzo {a,d]
cyclohepten-5,10-imnine; PCP, phencyclidine; CNQX (FG9065),
6-nitro,7-cyanoquinoxaline-2,3-dion; DNQX (FG9041), 6,7-dinitro-
quinoxaline-2,3-dion; DGG, y-p-glutamylglycine.

Excitatory amino acid receptor subtypes

NMDA non-NMDA
Specific agonists
NMDA site NMDA quisqualate
L-aspartate® AMPA
quinolinate™ kainate
homocysteate™
glycine site glycine*

Non-specific agonists v-glutamate™® r-glutamate™*

Specific antagonists
NMDaA site D-APV CNQX, DNOX**
CpP
CGS-19775
glycine site HA-966
channel MK-801
PCP
ketamine
Non-specific antagonists DGG DGG

kynurenate™** kynurenate*®
yo y

* Indicates compounds that are endogenous to mammalian brain.
** Note CNQX, DNQX and kynurenate also antagonize the glycine
modulatory site associated with the NMDA receptor at high
micromolar concentrations.

subtypes, the synthetic analogue NMDA and the endoge-
nous EAAs, aspartate, homocysteate and quinolinate,
selectively activate NMDA receptors®%23, A great
deal of information about the regulation of NMDA
receptors has emerged recently with the discovery of
potent and selective ligands. The NMDA receptor is
linked to a calcium permeable cationic channel that is
blocked by magnesium in a voltage-dependent manner
(see Fig. 2)8141S.12L160  Tooether, the receptor and
channel comprise a receptor/channel complex that in-
cludes several regulatory sites. Glycine is required for
receptor/channel activation and potentiates NMDA re-
sponses by binding to a closely associated site®>1%2,
MK-801 and dissociative anesthetics block NMDA re-
sponses, in a use-dependent fashion, by binding to the
phencyclidine site within the open channel'®!V, Zp2+
and polyamines also regulate receptor/channel activity at
sites distinct from those described above!”®-186:241 Tuble
I lists the most commonly used agonists and antagonists
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Fig. 3. Comparison of the distribution of (A) NMDA and (B)
quisqualate-sensitive [*H]glutamate binding in horizontal brain
sections from PND 7 rats. NMDA receptors were labeled with 40
nM [*H]glutamate in 50 mM Tris-acetate (pH 7.2 at 4 °C) containing
2.5 uM quisqualate’'>*, Quisqualate receptors were labeled with
40 nM [*H]glutamate in 50 mM Tris-HCI (pH 7.2 at 4 °C) containing
2.5 mM CaCl, and 100 uM NMDA."®

TABLE 11

Synaptic markers of EAA pathways that are transiently overexpressed
during development

Region Marker Maximal Refer-
expression ence
Visual cortex Na™-independent PND 15! 201

[*H]glutamate binding
[*H]-D-aspartate uptake PNW 6-72 65
APV-sensitive PNW4-122 21

[*H]glutamate binding

Frontal cortex NMDA-sensitive PNY 1-2° 105
[*H]glutamate binding

Entorhinal cortex NMDA-sensitive PND7-21' 134
[*H]glutamate binding

Hippocampus Na*-independent PND9! 13
[*H]glutamate binding

CAl subfield NMDA-sensitive PND 14-28' 134
°H]glutamate binding PND4-13' 231

CA3 subfield NMDA -sensitive PND 10-28' 134
[*H]glutamate binding

Globus pallidus quisqualate-sensitive PND 7! 80
[*H)glutamate binding

Superscript numbers refer to the experimental subject:
! rat (PND = postnatal day);

2 cat (PNW = postnatal week);

* human (PNY = postnatal year).

of NMDA receptors and their site of action as well as
endogenous ligands.

2.2. Non-NMDA receptors

Non-NMDA receptors are traditionally divided into
quisqualate and kainate receptors based on their prefer-
ential physiological responses to alkaloid agonists. Sub-
types of quisqualate receptors have been delineated by
their linkage to Na*-conducting channels (ionotropic
site) or phosphoinositol (PI) hydrolysis (metabotropic
site)'*7-2!42%%_ The ionotropic site is selectively activated
by a-amino-3-hydroxy-5-methyl-4-isoxazole propionate
(AMPA) and mediates fast synaptic responses. The
metabotropic site is insensitive to AMPA and produces a
delayed long-lasting response by stimulating PI metabo-
lism leading to second messenger generation and mobi-
lization of intracellular calcium'®’*'*. Selective endoge-
nous agonists of quisqualate and kainate receptors have
not been described and these sites share a common
antagonist profile”®. Each glutamate receptor subtype
has a unique distribution in the brain with highest levels
generally present in cortex, basal ganglia and hippocam-

pus and with lowest levels found in the hindbrain (see
Flg 3)78,134,136,145.

3. ONTOGENY OF EAA PATHWAYS

The development of putative EAA pathways have
been examined using a combination of experimental
techniques: electrophysiology, assay of high-affinity up-
take of [*H]r-glutamate and [*H]p-aspartate into synap-
tosomes, immunocytochemistry and receptor-binding
techniques. High-affinity uptake of [*H]glutamate into
synaptosomes and immunocytochemistry have been used
to label presumptive presynaptic neurons and terminals
whereas electrophysiological and receptor-binding stud-
ies predominantly have focused on the post-synaptic
components of these pathways (Fig. 1). These techniques
have demonstrated major ontogenic alterations in EAA
pathways. Transient overproduction of EAA synaptic
terminals appears to be common during development and
these overshoots relate temporally to periods of height-
ened synaptic plasticity and consolidation of synaptic
connections (Table II}. This section reviews the ontogeny
of EAA synaptic markers with a focus on receptor-
binding studies. The majority of studies have examined
the development of these markers in visual and associ-
ated cortical areas, hippocampus and basal ganglia of rats
and cats. Several human studies will also be discussed.
Also, developmental changes in EAA-stimulated phos-
phatidyl inositol metabolism and in the physiology of
EAA systems will be reviewed.



3.1. Visual associated structures

Glutamate may be the primary neurotransmitter in
visual pathways to cortex>2. Development of EAA
pathways in the visual system has been studied in some
detail. High affinity Na>*-dependent synaptosomal up-
take of [*H]glutamate in visual cortex and lateral genic-
ulate body of developing rats increases continuously from
birth and plateaus at adult levels by PND 15 and 20,
respectively'®. At PND 2 uptake is 30% of adult levels.
Na*-independent [*H]glutamate binding, which non-
selectively labels all glutamate receptor subtypes but not
uptake sites, in the visual cortex, lateral geniculate and
superior colliculus transiently peaks at approximately
PND 15%!, Binding (expressed as mol/weight protein)
increases by 30-50% from PND 10 to PND 15 and
rapidly declines (by up to a factor of 10) to plateau at
adult levels by PND 25.

Similar developmental profiles of high-affinity [*H]p-
aspartate uptake occur in the same visual structures in
kittens®®. In cortical areas 17 and 18, p-aspartate uptake
(expressed as mol-weight protein~'-time™') reaches adult
levels between postnatal weeks (PNW) 1 and 2. PNW 6-7
values exceed adult values approximately 3-fold. Uptake
values decline from PNW 10 to PWN 17 but are still 80%
above adult values. Developmental profiles of uptake in
the lateral geniculate and superior colliculus are similar
although peak uptake is delayed by approximately 3
weeks in the lateral geniculate, whereas uptake rises
sharply in the superior colliculus with peak levels occur-
ing during PNW 3,

Furthermore, Bode-Greuel and Singer*! have recently
shown that development of APV (2-amino-5-phosphono-
valerate)-sensitive [*H]glutamate binding to NMDA re-
ceptors in the primary visual cortex of kittens parallels
the time course of the critical period when the visual
cortex is susceptible to experience-dependent modifica-
tions'’*: binding increases 2.5-fold from adult densities at
PNW 2 to PNW 4, plateaus through PNW 12 and then
declines to adult (more than 100 weeks old) densities by
PNW 17 (see subsection 6.2). These developmental changes
of APV-sensitive [*H]glutamate binding sites were qualita-
tively similar in all cortical layers. Absolute binding densi-
ties were greatest in supragranular layers (I-III), interme-
diate in layer IV (where the geniculocortical fibers termi-
nate) and lowest in infragranular layers (V, VI). The
APV-insensitive component of [PH]glutamate binding,
which presumably represents non-NMDA receptor binding,
did not change during the same period of development.
Dark rearing, which prolongs the period during which
functional changes can be induced by monocular depre-
viation®**, does not prolong the transient enhancement of
APV-sensitive [°H]glutamate binding. These results suggest
that some other mechanism besides or in conjunction with
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reduction of NMDA receptors is involved in the termina-
tion of the physiologically defined critical period for ocular
dominance plasticity.

The sharp decline in glutamatergic pathway markers
following the transient overshoot observed in these visual
structures correlates with periods of synaptic elimination
and stabilization of functional synapses. Taken together,
the results indicate that these EAA pathways undergo
striking developmental changes, involving transient over-
shoots, especially during ‘critical’ periods of visual de-
velopment and further suggest that EAA neurotrans-
mitter pathways may play a role in modifying neuronal
plasticity during these developmental periods (see Sec-
tions 5 and 6). For instance, NMDA receptors appear to
be more effective in the visual cortex of kittens, during
the critical period of visual development, compared to
adults®*2%3 Also, the developmental period of overex-
pression of NMDA-sensitive glutamate binding parallels
the critical period when visual experience can modify the
columnar organization of inputs to the visual cortex (see
subsection 6.2).

3.2. Non-visual cortical areas

EAA synaptic markers in non-visual cortical areas also
change markedly during development. In rat brain
membranes prepared from entire cerebral cortices, Na®*-
independent glutamate binding (expressed as mol bound
per cortex) to post-synaptic glutamate receptors rises
sharply from PND 5 (3% of adult values) to PND 20
(50% of adult values) followed by a more gradual rise to
adult levels which plateau between PND 40 and 50. In
contrast, Na?*-dependent [°H]glutamate binding, to pre-
sumptive presynaptic glutamate sites, rises very slowly
from PND S to PND 30 (8% of adult binding) and then
rapidly increases to maximal levels at PND 50, suggesting
that development of presynaptic markers may lag behind
development of post-synaptic sites'®. However, the
interpretation of Na*-dependent [*H]glutamate binding
is complicated by the unknown contribution of glial
uptake binding sites relative to presynaptic neuronal
uptake sites. An overshoot of binding to NMDA recog-
nition sites occurs in the temporal cortex of rats.
NMDA-sensitive [*H]glutamate binding to rat brain
sections (expressed as mol/weight protein) rises gradually
from PND 1 to plateau at adult levels by PND 28 (ref.
134). The developmental profile of binding to individual
cortical layers is similar although maximal binding occurs
in cortical layers I and II. A similar developmental
overshoot of binding to NMDA receptors has been
observed in human frontal cortex: binding densities
(pmol/mg protein) increase sharply during the early
postnatal period and transiently peak between age 1 and
2 years, then, after age 10 years, decrease by 9%/
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decade'®. These developmental changes in NMDA
receptor binding roughly parallel synaptogenesis in hu-
man frontal cortex”’.

3.3. Hippocampal formation

An early overshoot in the expression of glutamate
binding sites is observed during postnatal development in
rat hippocampus’®. At PND 4, Na**-independent [*H]-
glutamate binding (expressed as mol/weight protein) to
post-synaptic sites represents 30% of adult values and
then rises rapidly from PND 4 and transiently peaks at
PND 9 (160% of adult values) after which binding
gradually decreases and plateaus at adult values by PND
23. These developmental changes appear to reflect
alterations in the number of binding sites, since the
affinity of these sites does not change between PNDs 4,
9 and 23", The rapid increase in glutamate binding sites
coincides with the development of afferent input and
elaboration of dendrites in the hippocampus*’-112-180-181,
The abrupt overshoot of glutamate receptor binding at
PND 9 correlates with the developmental onset of
long-term potentiation, an electrophysiological correlate
of learning and memory (see subsection 6.1) and with the
ability of calcium to stimulate [*H]glutamate binding"’. In
contrast, the developmental profile of Na**-dependent
high-affinity uptake of [*H]glutamate (which appears to
represent neuronal uptake) in rat brain sections increases
linearly from PND 0 through PND 50°”. The develop-
mental lag between post-synaptic glutamate receptor
binding and high-affinity uptake of glutamate is very
similar to the development of these parameters in
cerebral cortex.

Results of studies using in vitro autoradiography
demonstrate marked overexpression of NMDA-type glu-
tamate receptors in the hippocampal formation during
postnatal development. Tremblay et al.>! demonstrated
that both total Na*-independent [*H]glutamate binding
and NMDA-sensitive [*H]glutamate binding in rat brain
sections transiently exceed adult densities by up to 2-fold
between PND 4 to PND 13 in stratum radiatum of CAl
in rats and find a similar developmental pattern in
developing human brain'’. Also, the developmental
profile of NMDA-sensitive [*H]glutamate binding varies
between individual rat hippocampal subfields'>*.
NMDA-sensitive [*H]glutamate binding exceeds adult
levels by 50% to 120% in all hippocampal regions
examined with peak densities generally occurring be-
tween postnatal days (PND) 10 and 28. In stratum
radiatum CA1 binding increases slowly from 49% to 61%
of the adult value between PND 1 and 7. Then, binding
rapidly rises and exceeds adult values by 51% at PND 14,
remains elevated through PND 28 and then decreases to
adult levels (Fig. 4). The ontogenic profile of NMDA

recognition site binding is similar in other hippocampal
regions although the initial age of maximal binding and
period of stabilization varies. NMDA receptor binding in
area CA3 develops more rapidly than in area CA1 with
maximum levels reached by PND 10, which is consistent
with the earlier development of afferent input to area
CA3'". However, the ontogeny of NMDA-sensitive
[PH]glutamate binding to NMDA recognition sites does
not paraliel the development of two other receptor
components of the NMDA receptor channel complex
(strychnine-insensitive [*H]glycine binding to the glycine
modulatory site and [PH|JTCP binding to the PCP
receptor within the NMDA-associated ionophore). The
ontogenic profiles of glycine modulatory site binding and
PCP receptor binding are nearly identical. However,
development of binding to these sites is delayed with
respect to NMDA recognition site binding. The rapid rise
in binding observed between PND 7 and PND 14 with
NMDA receptors in stratum radiatum CAl is contrasted
by a much slower rise in glycine and PCP receptor
binding. Furthermore, maximal glycine and PCP receptor-
binding densities are not reached until PND 28 and are
lower than NMDA recognition site binding densities'>*.

The observed developmental patterns of binding to
each of the receptor components of the NMDA receptor
channel/complex are consistent with postnatal changes in
cytoarchitecture, synaptogenesis, afferent lamination and
functional development of the hippocampus. For in-
stance, the abrupt increases in NMDA receptor binding
occurring during the second PNW coincides with the
development of LTP and the expression of synaptic
connections in this region!>#7-113.180 These findings are
noteworthy, since NMDA receptor activation is required
for induction of LTP (see subsection 6.1)'*®, However,
the relative overexpression of NMDA recognition sites
with respect to glycine and PCP receptors between PND
7 and PND 21 suggests that there is differential regulation
of the expression of these receptor components during
development. These findings support the hypothesis that
multiple genetic forms of NMDA receptor complexes
may exist®?*,

3.4. Non-NMDA receptors in selected areas
Greenamyre et al.3° reported transient expression of
quisqualate-sensitive glutamate receptors in the globus
pallidus of developing rats concurrent with increased
high-affinity synaptosomal uptake of glutamate. [*H]-
Glutamate binding in the globus pallidus increased
approximately 3-fold from PND 1 to maximal levels at
PND 7 (7.5 pmol/mg protein). Binding levels decreased
3-fold over the next 3 weeks to achieve adult densities by
PND 28 (1.8 pmol/mg protein). No transient peak in
NMDA receptor binding was observed in the globus
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Fig. 4. Comparison of postnatal developmental profiles of NMDA-
sensitive [*H]glutamate binding to NMDA recognition sites, strych-
nine-insensitive [*H]glycine binding to glycine modulatory sites and
[PH]TCP binding to PCP receptors in stratum radiatum of the CA1
hippocampal subfield. Each data point represents the relative
binding densities (mean + S.E.M.) compared with binding densities
in corresponding areas in adult rats (adult = PND 90). Four animals
were used at each age (except PND 21, n = 3). Vertical error bars
represent S.E.M.

pallidus. Binding in the striatum paralleled globus pal-
lidus binding from PND 1 to PND 7 but then remained
elevated throughout development. In human fetal and
early postnatal brain, a transient developmental expres-
sion of these receptor sites in the globus pallidus, the
subthalamic nucleus and the substantia innominata also
occurs?®, It is possible that transient expression of the
putative EAA pathway to globus pallidus may regulate
synaptic organization within the globus pallidus, since
glutamate, via actions at non-NMDA type glutamate
receptors, influences dendritic arborization and synapto-
genesis' 18120,

Developmental alterations in high-affinity kainate
binding sites have also been demonstrated. In the adult
rat brain the highest density of [°H]kainate binding sites
is present in stratum lucidum of hippocampal area CA3
and these sites are believed to be, in part, on mossy fiber
terminals projecting to this area!*'*25 In rat hippo-
campus [*H]kainate binding remains relatively low (40%
of adult values) between PND 3 and PND 12 and then
rises rapidly (2-fold) to plateau at adult values by PND
17%. In contrast, binding to amygdala and piriform
membranes remains stable between PND 3 and PND 17
and then rises. (1.5-fold) rapidly to adult levels by PND
22. The developmental rise in kainate binding sites in
amygdala from PND 17 to 22 may account for the unique
developmental expression of kainate-induced limbic
seizures'>. A transient high density of high-affinity
[PH]kainate binding sites has been reported in the
supragranular layer of the fascia dentata of the hippo-
campus in humans during development and may be
related to alterations in synaptic connections, since mossy
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fibers have a great capacity to form synaptic rearrange-
ments in this zone®8:109:150.151.185,190.246  1yigh affinity
[*H]kainate binding in rodent striatum rises 10-fold from
2 to 6% of adult values at PND 4-7 to PND 21. By PND
28 receptor densities are 80% of adult levels. This
developmental profile of post-synaptic kainate sites cor-
responds with the development of glutamatergic inner-
vation to the striatum and development of kainate-
induced brain injury®®.

3.5. EAA-stimulated phosphatidyl inositol hydrolysis

In addition to the ionophore-associated EAA recep-
tors, a subset of quisqualate-type EAA receptors are
coupled with phospholipase C and receptor activation
stimulates phosphatidyl inositol turnover (Fig. 1). Acti-
vation of these receptors results in hydrolysis of phos-
phatidyl-4,5-inositolbisphosphate (PIP,) and generation
of second messengers (IP; and DG). Glutamate and its
analogues ibotenate and quisqualate stimulate inositol
phospholipid metabolism maximally in the immature
brain'*®. In both rat hippocampus and neocortex, EAA-
stimulated phosphoinositide hydrolysis transiently peaks
at PND 6 (1000 times the response at PND 35) and
declines during postnatal development to negligible levels
by PND 35. Although glutamate has little direct effect on
inositol phospholipid metabolism in adult animals, it
inhibits norepinephrine-stimulated inositol phospholipid
turnover in a dose-dependent fashion.

The role of enhanced EAA-mediated inositol phos-
pholipid breakdown in development is unclear. However,
several indirect lines of evidence suggest that this second
messenger system may regulate some forms of develop-
mental plasticity through activation of phospolipid-de-
pendent enzymes and intracellular calcium mobilization.
The developmental transient expression of EAA-stimu-
lated phosphoinositide hydrolysis in rat brain corre-
sponds roughly with developmental periods of height-
ened synaptic plasticity. Furthermore, Dudek and Bear
(1989)>> reported that the developmental transient ex-
pression of ibotenate (a glutamate analogue)-stimulated
phosphoinositide hydrolysis in kitten striate cortex par-
allels postnatal changes in cortical susceptibility to the
effects of visual deprivation. Ibotenate (10 um)-stimu-
lated phosphoinositide turnover in striate cortex was 30%
greater than PNW 16 values at PNW 3 and transiently
peaked at PNW 5 (approximately 3 times greater than
adult values), then rapidly decreased to PNW 16 values
by PNW 12. Glutamate, but not the selective EAA
agonists NMDA or AMPA, elicited a similar develop-
mental profile of phosphoinositol turnover. The devel-
opmental pattern of ibotenate-stimulated phosphoinosi-
tol turnover was nearly identical to previous estimates of
the critical period of sensitivity of binocular connections
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in kitten striate cortex to eyelid suture during postnatal
development!’*. However, stimulation of phosphoinosi-
tol hydrolysis by the cholinergic agonist carbachol (100
um} was equally effective at all postnatal ages during the
critical period, which suggests that the enhanced phos-
phoinositide turnover during the critical period of visual
development is specific to EAA-linked mechanisms (i.e.
ibotenate recognition site). Furthermore, the transient
increase in ibotenate-stimulated phosphoinositide turn-
over at PNW 5 did not occur in the visual cortex of
dark-reared kittens in which the critical period for
experience-dependent synaptic modifications is post-
poned. However, stimulation by carbachol was not
altered by a similar visual deprivation, which suggests
that dark-rearing had a selective effect on EAA-stimu-
lated phosphoinositide hydrolysis. Furthermore, several
other forms of plasticity are associated with enhanced
inositol phospholipid turnover. In adult rats lesions of
putative EAA hippocampal pathways selectively enhance
EAA-stimulated inositol phospholipid responses’’®.
Hypoxia-ischemia and EAA-induced brain injury pref-
erentially enhance quisqualate-stimulated phosphoinosi-
tide turnover’® 3 Similar findings have been reported
in adult rat brain slices following electrically induced
amygdala kindling®'.

Given the theoretical interactions between second
messenger systems coupled to NMDA and non-NMDA
receptors, the dependence of synaptic modifications upon
post-synaptic Ca®* conductances mediated by NMDA
associated ionophores and the relatively prolonged re-
sponse of phosphoinositol turnover, it is likely that
developmental expression of EAA-stimulated phospho-
inositol hydrolysis may act to modulate the developmen-
tal capacity for synaptic modifications by setting the
threshold necessary for these changes through a variety
of mechanisms'’®*. Detailed examination of the synaptic
mechanisms which contribute to the transiently enhanced
EAA-stimulated phosphoinositol turnover will have
broad implications with regard to the role of EAA-
stimulated phosphoinositol hydrolysis in normal devel-
opment, acute brain injury and CNS regeneration during
development.

3.6. Physiological changes

The ontogeny of EAA synaptic markers relates to
several developmental changes in the physiology of EAA
receptors. Post-synaptic excitation relative to inhibition
predominates during the first postnatal weeks of life in
rodents as does enhanced seizure susceptibility®'2®%”
183204226 In area CA3, superfusion of NMDA elicits
recurrent synchronized burst activity; the epileptogenic
effect of NMDA increases from PND 1 and is maximal
at PND 10'°!, Furthermore, in PND 1-8 rats, 85% of

CA3 hippocampal neurons exhibit NMDA receptor
regulated spontaneous giant depolarizing potentials
whereas in PND 9-12 rats only 48% of the neurons
exhibit this characteristic and this response disappears
after PND 12 (ref. 17a). Also, the susceptibility of
hippocampal area CA3 to convulsant-induced epilepti-
form activity is greater in immature (smaller than PND 7)
rodent brain than more mature brain (greater than PND
14)*%. Recurrent excitatory synaptic pathways appear to
play a key role in the generation of epileptiform
discharges in the hippocampus'#!'*2. These synapses
utilize EAAs as their neurotransmitters*’. In fact, spe-
cific NMDA receptor antagonists block this seizure
activity”>. These developmental changes in seizure sus-
ceptibility have been related to enhanced degrees of
excitatory synaptic interaction resulting from an abun-
dance of recurrent excitatory synaptic connections in the
hippocampus early in development®'®. The delayed post-
natal development of functional inhibitory circuits is also
likely to contribute to these effects®®2%%,

Ontogenic changes in the voltage dependence of the
NMDA receptor complex may also be related to these
changes. Although superfusion of NMDA to area CA3
pyramidal neurons evokes similar peak currents in
immature (PND 0-10) and adult rats, NMDA current-
voltage relations do not consistently exhibit a region of
negative slope conductance (which is characteristic of
adults) in immature animals'®. This change in the voltage
dependency of the NMDA receptor/channel may reflect
alterations in the ability of magnesium to block the
NMDA receptor associated ionophore. In fact, Brady
and Swann?®® have suggested that the immature NMDA
receptor channel/complex is less sensitive to blockade by
magnesium and more sensitive to calcium blockade than
its mature counterpart. Reduction of the extraceliular
concentration of calcium from 2 mM to 1 mM reduces the
voltage sensitivity of NMDA responses in immature slices
(PND 9-19) but not in adult slices. These alterations in
divalent cation sensitivity may underlie observed devel-
opmental changes in the susceptibility of the brain to
seizures and excitotoxicity (see Section 8).

Developmental changes also occur in the chemosensi-
tivity of neurons to EAAs. Rodent CAl stratum radi-
atum pyramidal neurons respond maximally to iontopho-
resis of NMDA between PND 12 and 31 (ref. 83). This
response corresponds closely with the period of overpro-
duction of NMDA receptors in this area'**. Furthermore,
responses of cerebellar granule and Purkinje cells to
NMDA change markedly during development. In con-
trast to quisqualate and kainate responses which do not
change during development, granule and Purkinje cell
responses to NMDA exceed adult levels by 100% at PND
8 and rapidly declined between PND 14 and 21 (ref. 71).



The peak sensitivity to NMDA at PND 8 corresponds
with the functional development of the excitatory climb-
ing fibre-Purkinje cell and mossy fiber-granule cell-
Purkinje cell circuits within the cerebellar cortex>”. Since
NMDA receptors play a role in use-dependent synaptic
modifications, developmental changes in this receptor
system may function in the synaptic organization of the
above neuronal circuits during cerebellar development
(see Section 6).

Recent studies have examined the ontogenic changes in
the role of NMDA receptors in normal sensory process-
ing in kitten visual cortex and these studies suggest that,
depending on the cortical layer, NMDA receptor activa-
tion may make the greatest contribution to EAA synaptic
transmission during the critical developmental period of
ocular dominance plasticity®’>2?%. Initially, Tsumoto et
al.?* demonstrated that the number of visual cortical
cells with visual responses significantly suppressed by
iontophoresis of the specific NMDA antagonist APV
were greater in kittens (ages 4-8 weeks) during the
critical period (71% suppressed) than in adult cats (33%
suppressed) whereas equal sensitivity was observed be-
tween groups to iontophoresis of the broad acting EAA
antagonist kynurenate. Furthermore, the mean current
intensity required for APV to exert its full action was
significantly smaller in kittens than in adults while the
minimum current intensity for NMDA needed to excite
visual cortical cells was significantly lower in Kkittens
compared to adults. In contrast, quisqualate was equally
effective in exciting cells in kitten and adult visual cortex.
These observations suggest that NMDA receptors are
more effective in generating visual responses during the
critical period of ocular dominance plasticity in kittens
than in adult cats. More recently, Fox et al.®’* have
extended these observations by examining the role of
NMDA receptors in both visual responses and sponta-
neous activity in the visual cortex as a function of age and
cortical layer. In the granular and deep cortical layers
(IV-VI), p-APV iontophoresis markedly reduced visual
responses of kittens but only spontaneous activity in
adults; visual responses were reduced by 50% in kittens
3 weeks of age, 25% at 4 weeks and were not significantly
affected in adults. In contrast, visual responses in
supragranular layers (II and III) were more sensitive to
suppression by p-APV than layers IV-VI, but this effect
was independent of age. The critical period of visual
plasticity in granular and infragranular layers and the
period of segregation of geniculocortical afferents in layer
IV is roughly correlated with the period during which
NMDA receptors exert a maximal influence on visual
responses in these layers. These temporal correlations
suggest that NMDA receptors may play a role in the
developmental plasticity of the visual cortex.
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In summary, pre- and post-synaptic markers of puta-
tive EAA pathways undergo marked changes during
development. Transient overshoots of EAA synaptic
markers are common, occur during restricted periods of
development and are present in multiple brain regions in
rats, cats and humans (Table II). Several of these changes
occur during ‘critical’ periods of CNS development and
correspond with periods of heightened synaptic plasticity.
These changes in EA A pathways also relate to alterations
in neuronal plasticity. EAAs may influence neuronal
development through a variety of receptor/channel/
second messenger-related actions. Furthermore, the elec-
trophysiological and biochemical characteristics of EAA
receptors change during development. Finally, since
these neurotransmitter systems appear to be very active
during restricted developmental periods and contribute
to regulation of several forms of synaptic plasticity and
neuroarchitecture, it is possible that EAA pathways play
an important regulatory role in the normal development
of neuronal circuitry (see Sections 5 and 6).

4. PROMOTION OF NEURONAL SURVIVAL, GROWTH
AND DIFFERENTIATION

In addition to the role of EAAs in neurotransmission,
EAAs may also serve a neurotrophic function during
development. Evidence suggests that EAAs have trophic
influences on differentiating neurons and regulate devel-
opment of neuronal cytoarchitecture. Furthermore,
EAAs may participate in the formation of neuronal
circuitry and in synaptic plasticity.

Neurons require specific trophic factors during defined
developmental time windows to promote their viability**
082 In addition to neurotrophic factors such as nerve-
growth factor and related peptides, neurotransmitters
released from nerve terminals also have trophic proper-
ties. Exogenously applied NMDA promotes cell survival
in cerebellar granule cell cultures in a dose-dependent
fashion®'°. Concentrations of NMDA ranging from 35 to
140 uM, but not ibotenate or quinolinate, prevent the
extensive loss of granule cells that normally occurs in the
presence of low extracellular concentrations of K*. The
trophic influences of NMDA appear to be mediated by
NMDA receptors, since addition of the competitive
NMDA receptor antagonist, 2-amino-5-phosphonovale-
rate(APV), blocks the effect of NMDA. Other types of
NMDA antagonists including dextromethorphan and
MK-801 can reproduce this effect. Activation of non-
NMDA receptors does not affect granule cell survival but
does promote synaptogenesis in other experimental
systems''®. The trophic effect of NMDA is dependent
both on the degree of membrane depolarization and the
developmental stage of the neurons; the effect develops
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between 2 and 4 days in vitro and is mimicked by raising
the extracellular concentration of K* to 25 mM. Ca?*
entry through NMDA receptor associated channels,
and/or voltage-sensitive Ca’* channels (produced by
depolarization in 25 mM K™-containing medium) prob-
ably underlies the trophic effects of NMDA on granule
cells, since neuronal survival is dependent on the con-
centration of extracellular Ca’*. The requirement of
NMDA to promote granule ceil survival over a narrow
2-3-day developmental period corresponds to the same
time that differentiating granule cells migrate to the
internal granule layer and receive glutamatergic input in
vivo®’. The developmental dependence on NMDA ap-
pears to generalize to other cell populations as well, since
NMDA has been demonstrated to enhance neuronal
survival in dissociated spinal cord cultures**. The pos-
sibility that inositol phospholipid hydrolysis may contrib-
ute to the observed trophic effects of NMDA on cultured
cerebellar granule cells needs to be addressed, since
inositol phospholipid responses to NMDA are particu-
larly potent in cerebellar granule cell cultures'®’.
L-Glutamate also has trophic properties. Supplemen-
tation of cultures of dissociated neurons (18 days in vitro)
from whole brain of 15-day-old rat fetuses with 5 uM
L-glutamate, but not the electrophysiologically and
metabolically inactive p-isomer, promotes neuronal
growth and produces associated maturational cytological
changes’. Compared to control cultures, r-glutamate
treatment increases overall neuronal and nuclear size by
14% and 33%, respectively. Mitochondria, free ribo-
somes and rough endoplasmic reticulum are more abun-
dant in L-glutamate exposed neurons whereas the number
of Golgi apparatuses are comparable to neurons in
control cultures. These findings indicate an increased
capacity for protein synthesis and may be interpreted as
a sign of advanced neuronal maturation. Additionally,
L-glutamate exposure dramatically increases the number
of synaptic profiles. Synapses are structurally more
mature: synaptic clefts are distinct; post-synaptic densi-
ties are uniformly present; pre- and post-synaptic thick-
enings occupy a larger area; synaptic vesicles are in-
creased in number (70% increase) and are often closely
associated with presynaptic thickenings. The issue of
whether these effects are receptor mediated and, if so, by
which glutamate receptor subtype, has not been ad-
dressed. It will be important to distinguish whether the
trophic properties of glutamate are mediated via specific
EAA receptors or are the result of effects on interme-
diary metabolism. Similar structural changes to those
discussed above accompany repetitive stimulation of
presynaptic pathways in vitro as well as increased
patterned afferent input during development in vivo™
143,177,199 Prolonged exposure to EAA receptor antago-

nists during development may potentially retard and/or
disrupt these maturational changes produced by gluta-
mate and interfere with normal CNS development.

5. REGULATION OF NEURONAL CIRCUITRY AND CY-
TOARCHITECTURE

In addition to their involvement in information coding,
many neurotransmitters influence the structure of deve-
loping neurons and their pattern of interconnectivity.
Acetylcholine, dopamine, GABA, serotonin and so-
matostatin differentially regulate neuronal outgrowth and
growth cone motility in vitro and in vivo''®, Regulation
of neurite growth from neurons is dependent on the level
of cytosolic calcium in the growing tip of neurites®>**.
The ability of neurotransmitters to influence neurite
growth is likely related to their capacity to alter cytosolic
calcium levels. Since the NMDA ionophore is permeable
to calcium, regulation of NMDA receptor activation
could affect neurite outgrowth. In fact, Pearce et al.'”
demonstrated that glutamate via an action at NMDA
receptors stimulates neurite outgrowth from cerebellar
granule cells. Cultures of dissociated granule cells from
4-5-day-old rats normally grow neurites (axonal in
nature) after several hours in culture. Application of
kynurenate, a non-selective glutamate antagonist (and an
antagonist of the glycine modulatory site), to these
cultured granule cells for 8 h reduced the number of cells
extending neurites by 54%. The inhibitory effects of
kynurenate were prevented in a dose-related manner by
addition of exogenous glutamate suggesting that the
effect of kynurenate was mediated at glutamate recep-
tors. It appears that the concentration of endogenously
released glutamate is sufficient to promote neurite
outgrowth, since enzymatic removal of glutamate from
the culture medium resulted in a 50% reduction in the
number of granule cells extending neurites. Furthermore,
addition of the selective NMDA receptor antagonist
p-APV reproduced the inhibitory effects of kynurenate
with a maximal effect at 30 uM p-APV, suggesting that
NMDA receptors may mediate these processes. How-
ever, NMDA stimulated PI turnover may also contribute
to this effect.

The effects of EAAs on neurite outgrowth have been
extended by Brewer and Cotman,”® by demonstrating
that both neurite extension and branching are controlled
by NMDA receptor activation. Exposure of cultures of
isolated dentate granule neurons obtained from PND 4
rats to NMDA (20 uM) or glutamate (25 uM) for 6 days
increased the number of neurite branch points by 230%
and increased the total length of neurites by 240%, but
did not alter the mean neurite length per branch
compared to similarly treated cultures in the absence of



EAAs. Exposure to 25 mM KCl produced similar
changes although smaller in magnitude compared with
NMDA or glutamate (170% increased total neurite
outgrowth, 60% increased branching). The neurotrophic
effects of NMDA and glutamate were blocked by
co-application of the specific NMDA receptor antagonist
MK-801 (75% decrease in number of branch points, 45%
decrease in total neurite length compared to glutamate-
treated cultures). Co-application of MK-801, however,
increased the mean length of neurite per branch by 250%
compared to glutamate-treated cultures. Thus depending
on the level of NMDA receptor activation, NMDA
receptors can differentially affect the pattern and extent
of neurite extension and branching. The contribution of
non-NMDA receptor activation to these effects was not
examined in these studies and remains an important issue
to be addressed. Whether the neurites examined in this
study are either axonal or dendritic in nature is not clear.
This is an important issue, since the specific effects of
NMDA and non-NMDA agonists on neurite outgrowth
differ depending on whether they are axons or dendrites
(see below).

In addition to regulation of axonal neurite outgrowth,
EAAs can also modulate dendritic growth in some
neurons. Mattson et al.'?® demonstrated that glutamate,
in subtoxic doses, produced a specific and progressive set
of changes in dendritic growth in cultured hippocampal
pyramidal cells dissociated from 18 day old rat fetuses.
Exposure to concentrations of glutamate up to 10 M, for
2 h, suppressed the rate of dendrite elongation in 4 day
old pyramidal neurons. Higher levels of glutamate
produced a dose-dependent regression of dendritic ma-
terial. The ability of glutamate to regulate dendrite
growth began at day 2 in culture and peaked by day 4.
The effects of glutamate could be blocked by the
non-selective glutamate antagonist y-p-glutamylglycine
(DGG), but not by p-APV, a selective NMDA receptor
antagonist, and the effects of glutamate were mimicked
by quisqualate and kainate but not by NMDA. These
data suggest that the level of activation of non-NMDA
receptors can regulate dendrite growth at this develop-
mental stage. Pyramidal cells at this stage in vitro are not
yet sensitive to NMDA, which may indicate that NMDA
receptors are not functionally expressed in vitro at this
time point. Replication of these experiments at a later
stage of neuronal development when pyramidal cells are
sensitive to NMDA, such as in 2-week-old cultures, could
help determine whether NMDA receptors participate in
these regulatory processes. The effects of glutamate on
dendrite growth appear to be mediated by regulation of
dendritic growth cones, since iontophoresis of glutamate
onto individual growth cones of neurons in culture causes
a selective retraction of filopodia and corresponding
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reduction in dendrite growth while not affecting growth
of distant dendrites on the same neuron'?’. Glutamate’s
regulatory actions on dendrite growth may be mediated
by calcium mobilization since blockade of voltage-
dependent Ca®* channels with Co** prevents glutamate-
mediated dendritic regression'?’. High extracellular K™,
which activates voltage-dependent Ca®* channels or
addition of the Ca®* ionophore, A23187, mimic the
effects of glutamate. Taken together, the results suggest
that dendritic morphology in vivo may be regulated by
the level of EAA receptor activity. In fact, several in vivo
studies support this hypothesis***1771%,

Mattson et al.!*® have recently extended these findings;
they examined the regulatory effects of spontaneously
released glutamate from afferent axons on dendrite
morphology and synaptic sites of target neurons, using a
coculture system consisting of entorhinal explants and
dissociated hippocampal pyramidal cells. In culture,
entorhinal axons spontaneously release glutamate and
innervate pyramidal cells that normally receive glutamat-
ergic input from entorhinal neurons in vivo. They found
a reduction in dendritic growth in pyramidal neurons
grown on entorhinal axons compared to others grown
distant from axons. This effect was apparently mediated
by glutamate spontaneously released from entorhinal
axons, since addition of DGG, a non-selective glutamate
antagonist, increased dendrite growth to levels present in
pyramidal cells grown away from entorhinal axons. DGG
concurrently reduced the number of synaptic sites. In
contrast, NMDA did not influence dendritic outgrowth
or numbers of synaptic sites, suggesting that the effects of
spontaneously released glutamate from entorhinal axons
were mediated via non-NMDA receptors. In this exper-
imental paradigm, both addition of tetrodotoxin (TTX)
and reduction of extracellular Ca®* levels, which block
synaptic release of EAAs, mimicked the effects of DGG
on dendrite growth and synaptic numbers in pyramidal
neurons grown on entorhinal axons. Overall, the results
support the hypothesis that EAAs have a major role in
the formation and regulation of neuronal circuitry in
vivo. The major challenge in future experiments will be
the determination of the mechanisms by which glutamate
receptor activation alters neuronal growth, differentia-
tion and survival and the mechanisms that govern
EAA-mediated changes in neuronal circuitry. Whether
the observed changes are the result of direct or indirect
effects resulting from EAA receptor activation remains
to be established. That is, whether these actions are
mediated directly by EAA receptor activation or indi-
rectly by EAA-mediated stimulation (or inhibition) of
additional effector molecules. For example, glutamate
appears to promote sprouting of Helisoma neurons BS
via an indirect mechanism in vivo®%®; sprouting is depen-
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dent upon a macromolecule(s) whose release is stimu-
lated by glutamate.

6. REGULATION OF ACTIVITY-DEPENDENT SYNAPTIC
PLASTICITY

Two unique properties of the NMDA receptor/channel
complex provide a mechanism by which learning, encod-
ing of memory and selection of appropriate synaptic
connections can occur during development and through-
out adult life. The NMD A-associated ion channel con-
ducts calcium and is blocked in a voltage-dependent
manner by Mg?* (for a review, see refs. 8 and 122).
Activation of the NMDA channel requires transmifter
binding to the NMDA recognition site and coincident
membrane depolarization (by other afferent input) to
relieve the voltage-dependent Mg?* blockade. Thus
NMDA receptor/channel activation requires temporal
and spatial correlation between pre-synaptic and post-
synaptic activity. This type of interaction may underlie
development and stabilization of neuronal connections.
These synaptic mechanisms are particularly important
during development for selection and stabilization of
appropriate neuronal circuitry. This section summarizes
results of two major groups of studies, which suggest that
NMDA receptors play an integral role in these processes.

6.1. LTP — forms of learning and memory

Long-term potentiation (LTP) of excitatory synaptic
transmission is a process by which brief repetitive stimuli
result in a long-lasting increase in synaptic strength
through the activation of post-synaptic NMDA re-
ceptors®®1%8, Several in vitro studies indicate that the
ability to induce LTP changes during development'*
56.85-87 In stratum pyramidale of the hippocampal CA1l
subfield, LTP can first be elicited at postnatal day (PND)
5; it is consistently produced at PND 7 (magnitude
approximately 25% of PND 60 values); maximal levels
are attained at PND 15 (75% greater than PND 60
values) and levels then decline to PND 60 (ref. 87). These
developmental alterations in LTP roughly correspond to
changes in afferent lamination, dendritic arborization and
synaptogenesis in this brain region'>'*®. The rapid rise
in the magnitude of LTP beginning at PND 7 and
transiently peaking at PND 15 relates closely to the
ontogeny of NMDA recognition sites in area CA1 which
also initially transiently peaks at approximately PND 15
(see Section 2)'*. Development of LTP in the dentate
gyrus occurs more gradually than in area CA1l, which is
consistent with ultrastructural studies in the dentate
gyrus, indicating that synaptogenesis and spine formation
are delayed until well into postnatal life**’. As well,
expression of NMDA receptors in dentate gyrus increases

gradually from PND 7 to adult values'**. NMDA
receptor activation also plays a role in early postnatal
olfactory learning in rats''®. Pharmacological blockade of
NMDA receptors by p-APV before olfactory odor
preference training in neonatal rats suppresses both
behavioral preference and enhanced olfactory bulb re-
sponses to the learned odors. Thus, EAA receptors,
particularily NMDA receptors, participate in several
forms of learning and memory during development.

6.2. Experience-dependent synaptic plasticity: visual path-
ways

The second group of studies have examined the role of
NMDA-mediated processes in experience-dependent
synaptic plasticity during critical periods of visual devel-
opment. During the critical period of consolidation of the
ocular dominance of neurons in the visual system of
kittens, restriction of visual experience to one eye results
in ocular dominance shifts, which favor the experienced
eye®. The mechanism underlying this form of cortical
plasticity is widely accepted to result from competition
between converging afferents from each eye. Coincident
activity from afferents is proposed to lead to preferential
stabilization of the synaptic connections involved whereas
non-coincident synapses are eliminated. Kleinschmidt et
al.'®® demonstrated that chronic infusion of the selective
NMDA antagonist APV into the visual cortex of kittens
blocks the physiologically determined ocular dominance
shift normally associated with monocular deprivation. In
kittens that received 1 week of monocular deprivation,
74% of the cortical neurons in the striate cortex re-
sponded preferentially to the experienced eye, whereas in
kittens in which 50 mM APV was infused into the striate
cortex over the 1 week of monocular deprivation only
29% of neurons responded preferentially to the open
eye. In addition, APV treatment abolished orientation
selectivity of neurons in the visual cortex which had
developed prior to APV treatment, suggesting that
blockade of NMDA receptors affects not only the
acquisition but also the maintenance of neuronal selec-
tivity and responsiveness.

Rauschecker and Hahn'® have demonstrated that
administration of ketamine, a non-competitive NMDA
receptor antagonist, prevented the consolidation of the
ocular dominance shift normally associated with brief
monocular experience in dark-reared kittens. In dark-
reared kittens repeated monocular visual experience for
20 min every other day (15 times) typically results in a
shift in the responsivity of neurons in the visual cortex
favoring the experienced eye. Administration of keta-
mine (intramuscular injection, 25 mg/kg) immediately
after each period of monocular experience prevented the
shift of ocular dominance of neurons in the visual cortex;



administration of ketamine 1 h after each experience did
not prevent consolidation of ocular dominance shifts.
Therefore, the ketamine-sensitive component of ocular
plasticity consolidation occurs within 1 h of the visual
experience,

At present, there is considerable controversy regarding
the mechanisms by which chronic blockade of NMDA
receptors alters visual ocular dominance plasticity in
kittens. Are the induced changes the result of blocking
events specific to plasticity and/or the result of blocking
normal visually evoked activity in the striate cortex? It
appears that blocking events that are specific both to
plasticity and to normal sensory processing are likely to
contribute to these changes. For example, procedures
which block normal sensory processing in the visual
cortex, such as anesthesia or TTX treatment, prevent the
effects of monocular deprivation®>'%%2, Furthermore,
NMDA receptor activation contributes significantly to
synaptic transmission occurring during normal sensory
processing in kitten and cat visual cortex®’® 1422233,
Further studies are necessary to determine the relative
contribution of blocking normal sensory processing to the
visual ocular dominance changes associated with chronic
NMDA receptor blockade and to delineate the additional
plasticity specific mechanisms related to these changes.

Although tadpoles (Rana pipiens) normally do not
possess ocular dominance columns, surgical implantation
of a third eye results in stereotyped ocular dominance
columns as the result of segregation of inputs from
normal and supernumerary eyes within the same tectum
(Fig. 5)'®. Studies using tetrodotoxin to block action
potentials in optic nerve demonstrate that the mecha-
nisms for synaptic rearrangement or fine-tuning require
retinal ganglion cell activity'®®. Recently, Cline et al.*®
have shown that NMDA mediated processes regulate
segregation of retinotectal projections in surgically pro-
duced 3-eyed tadpoles. Eye-specific columns were la-
beled by applying horse-radish peroxidase to optic
nerves. Chronic exposure of the tectum for 2—-4 weeks to
the NMDA antagonist p-APV (10 uM), but not the
inactive L-isomer, desegregated the morphologically de-
fined ocular dominance columns in 3-eyed tadpoles (see
Fig. 5). Chronic treatment (10 weeks) with the non-
competitive NMDA antagonist MK-801 (10 uM) also
resulted in desegregation of eye-specific stripes, but only
when NMDA (1 mM) was also applied®*®. The obligatory
role of NMDA presumably reflects the use-dependent
nature of NMDA channel blockers like MK-8011%:117,
Furthermore, chronic tectal exposure to NMDA (100
#M) for 4 weeks sharpened and straightened the borders
of the columns’®. Lower concentrations of NMDA (1
uM) produced no apparent effects while higher concen-
trations (10 mM) were neurotoxic®®, The affects of
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NMDA agonists and antagonists upon gross morphologic
segregation of retinotectal inputs into tectal columns
appears to reflect ultrastructural changes in the terminal
arbors of the retinotectal inputs such that the degree of
overlap between converging retinotectal terminal arbors
is altered®**%®, These results are consistent with the high
density and laminar distribution of EAA receptors in the
tadpole tectum and with the role of NMDA receptor/
channels in eye-specific segregation of retinotectal
afferents'?,

NMDA receptors also appear to play a role in the
activity-dependent matching of binocular tectal maps in
Xenopus frogs®?, The Xenopus tectum receives binoc-
ular visual input; a direct contralateral retinotectal
projection and an indirect ipsilateral isthmotectal projec-
tion. During a critical period of normal development
(early postmetamorphesis), isthmotectal connections re-
arrange within the tectum to regions with corresponding
retinotectal receptive fields, thereby forming congruent
binocular maps within the tectum®*®. The processes by
which isthmotectal connections are rearranged to match
corresponding retinotectal receptive fields are influenced
by visual experience”**, Experimental rotation (90°) of
the left eye, during or prior to the critical period for
isthmotectal plasticity, results in congruent 90° rotated
visual maps in the right tectum. However, chronic
treatment with the NMDA receptor antagonists APV or
CPP during this period blocks the matching of the

Fig. 5. Effect of the competitive NMDA receptor antagonist
pL-APV on segregation of retinal ganglion afferents into eye-
specific columns in the tectum of surgically produced 3-eyed
tadpoles. A: a tectum from a surgically produced 3-eyed tadpole
shows the stereotypical striped pattern representing the segregation
of the supernumerary retinal afferents from the afferents of the
normal eye. B: a tectum from an animal chronically treated with 10
#M pL-APV for 4 weeks displays complete overlap of supernumer-
ary and normal retinal projections. In A and B supernumerary optic
nerves were injected with horseradish peroxidase and fluorescein-
conjugated isothiocyanate-Elvax was implanted over the tectum as
a sham control (A) and to deliver b1.-APV (B). Courtesy of Dr.
H.T. Cline.
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ipsilateral (isthmotectal) map to the contralateral (reti-
notectal) map,’®* while chronic treatment with NMDA
aliows such matching. Therefore, the data suggest that
NMDA receptors play a role in experience-dependent
establishment of matching binocular maps during Xe-
nopus development. The effects of NMDA antagonists
on the segregation of retinotectal connections in 3-eyed
tadpoles and on the matching of binocular maps in
Xenopus frogs does not appear to be attributable to a
reduction in post-synaptic activity resulting simply from
attenuation of visual input to the tectum. Chronic
application of these antagonists does not reduce visual
input to the tectum>*2%%® However, blockade of NMDA
receptors appears to uncouple communication between
coincident visual input and thereby disrupting the pro-
cesses responsible for stabilizing coactive inputs.

The preceding data indicate that NMDA receptor
mediated processes participate in the regulation of a
variety of forms of neural and behavioral plasticity during
development. The ability of EAAs to produce these
changes is often restricted to small time windows during
postnatal development and parallels development of pre-
and post-synpatic markers of EAA pathways (see Section
6). The results further imply that EAA neurotransmitters
regulate neuronal plasticity in these pathways in vivo
during development.

7. MECHANISMS OF EAA NEUROTOXICITY

Choi, Rothman and Olney and others have demon-
strated that excessive activation of EAA receptors (the
same cellular mechanisms that participate in neuronal
signaling, neurotrophic influences and neuronal plastic-
ity) can initiate a series of intracellular biochemical
events that cause neuronal damage (referred to as
‘excitotoxicity’)*2-166195, Excitotoxic neuronal injury in
the immature brain can be blocked by selective antago-
nists of EAA receptors!'?>12%:131.132.135.136.234 Each of the
EAA receptor subtypes, under conditions of excessive
receptor activation, may initiate a cascade of events
resulting in neuronal injury in both the developing®
127,136.209,220 and adult brain®-14%-167203.222_1n contrast to
the in vivo excitotoxic effects of the glutamate analogues,
NMDA, quisqualate and kainate (which are not appre-
ciably taken up by the high-affinity glutamate uptake
system), glutamate mediated toxicity in vivo is usually
only manifested when the presynaptic uptake system is
overloaded or suppressed (i.e. under conditions of
metabolic stress)!+123:159,

The mechanisms underlying EAA neurotoxicity can be
divided into two distinct component processes based
largely on in vitro studies (see Fig. 6)**'*. The first
involves depolarization of neuronal membranes, Na™

influx followed by secondary passive CI™ and H,O influx,
and subsequent neuronal swelling. The second phase is
characterized by excessive calcium influx, primarily via
NMDA receptor/channe] activation, activation of second
messenger systems, mobilization of internal Ca®*stores,
activation of lipases and proteases, generation of fatty
acids and free radicals, mitochondrial dysfunction and
depletion of energy stores (for a review, see refs. 32 and
195). These cellular derangements lead to destruction of
neuronal cytoskeletal and membrane components and
ultimately neuronal death. In fact this scenario appears to
be a central pathway leading to neuronal injury resulting
from a wide variety of CNS insuits (see Fig. 7). Under
conditions of metabolic stress or depleted cellular energy,
high-affinity uptake of EAAs is compromised, because
this process is highly energy dependent. In fact, intrace-
rebral injections of NMDA acutely (1 h postinjection)
and transiently disrupt high-affinity synaptosomal [°H]-
glutamate uptake {McDonald, J.W., Johnston, M.V. and
Silverstein, F.S., unpublished observations). The result-
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Fig. 6. This schematic diagram summarizes some of the mechanisms
that may contribute to EAA neurotoxicity. In vitro experiments
suggest that EAA neurotoxicity may have two components. The
first component, mediated by excessive activation of non-NMDA
receptors, is characterized by influx of Na® followed by passive
influx of CI" and H,0O which may produce osmotic neuronal
swelling. These are acute events occurring within hours of exposure
to EAA agonists. The second, more prominent component is
produced by overactivation of NMDA receptors which leads to a
rise in the intracellular concentration of Ca®*. A sustained rise in
intracellular Ca®* may trigger a biochemical cascade of events that
lead to neuronal injury and death. Furthermore, activation of a
subset of non-NMDA receptors coupled to polyphosphoinositide
hydrolysis may also elevate intracellular Ca®*. EAAs released from
synaptic terminals would further propagate neuronal injury.
Adapted from Choi, 1988%2,



ing accumulation of EAAs in the synaptic cleft will
prolong activation of EAA receptors, produce sustained
membrane depolarization and lead to large ionic fluxes.
Since energy is required to extrude Ca** from the cell
and maintain ionic balances across neuronal membranes,
excessive neuronal activation will exacerbate any imbal-
ance between cellular energy requirements and energy
availability. These recurrent mechanism resulting in
metabolic stress and energy depletion may ultimately
produce excitotoxicity’>®. Multiple physiologic factors
that exacerbate energy depletion may contribute to EAA
mediated neurotoxicity.

Thus excitotoxicity is manifested under conditions of
excessive and sustained post-synaptic EAA-receptor ac-
tivation which gives rise to a critically sustained intracel-
lular level of Ca** and leads to uncontrolled neuronal
autolysis. The relative contribution of pre- and post-
synaptic neuronal mechanisms and glial mechanisms to
excitotoxicity is difficult to ascertain, although all these
mechanisms are likely contribute. Both presynaptic neu-
ronal and glial events can produce sustained EAA
receptor activation via an increase in the synaptic
concentration-of EA As if high-affinity uptake systems for
EAAs are compromised. Furthermore, enhanced presyn-
aptic release will increase the synaptic concentration of
EAAs. However, changes in the state of energy metab-
olism in the post-synaptic cell will determine the balance
between normal EAA function and excitotoxicity, For
example, intracellular homeostatic events will normally
prevent excitotoxicity from occurring during normal
synaptic activity. However, these homeostatic mecha-
nisms may become compromised during states of altered
energy metabolism and excitotoxicity may be mainfested.

Overactivation of EAA receptors, particularly NMDA
receptor subtypes, has been implicated in the pathogen-
esis of neuronal injury in a number of acute neurologic
disorders (see Fig. 7) including hypoxia-ischemia,*'**
193,194.212213 hypoglycemia®®, sustained seizures®®19714%,
physical brain trauma® and chronic neurodegenerative
diseases including Huntington’s disease!446:137:245 = Alz-
heimers disease'’S, lathyrism®'®, and amyotrophic lateral
sclerosis?’? (for reviews see refs. 58,78,140,192 and 195).
Several groups have demonstrated that selective antag-
onists of the NMDA receptor channel reduce the severity
of brain injury resulting from focal hypoxia-ischemia
when administered before or several hours after the
insult (see subsection 9.1). NMDA receptor antagonists
may provide a novel clinical therapy in these acute and
chronic neurologic disorders (see Sections 9 and 10). The
relative role of non-NMDA-type EAA receptor medi-
ated excitotoxity in these neurologic disorders will be
able to be determined with the advent of specific and
potent non-NMDA receptor antagonists.
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8. DEVELOPMENTAL ALTERATIONS IN EAA NEUROTOX-
ICITY

One of the strongest lines of evidence for develop-
mental regulation of EAA synapses comes from devel-
opmental neurotoxicity studies. The rank order of neu-
rotoxic potency for the selective EAA agonists, NMDA,
quisqualate and kainate is markedly different in the
developing and mature brain (Table III; Fig. 8). The
sensitivity of neurons to EAA neurotoxicity changes
markedly during development. Different brain regions
and different neuronal types exhibit their own develop-
mental profile of susceptibility to each of the selective
EAA receptor agonists.

Although kainate is a potent neurotoxin in the aduit
brain, kainate is relatively non-toxic in the immature
brain (Fig. 8)*. However, paradoxically, kainate does
produce prolonged tonic clonic seizures in immature
animals. The susceptibility of rodent striatal neurons to
kainate neurotoxicity initially appears at PND 7 and
gradually rises to adult levels by PND 21?8, The matura-
tional sensitivity to kainate neurotoxicity parallels the
development of glutamatergic innervation to the striatum
as measured by synaptosomal uptake of [*H]glutamate
and by high-affinity [*H]kainate receptor binding. Similar
developmental trends to kainate toxicity have been
reported in the hippocampus?. Also, the susceptibility
of Purkinje, Golgi and granule cells to kainate neuro-
toxicity in rat cerebellar slices increases during early
postnatal development™.

There is a unique ontogenic profile of susceptibility to
NMDA-mediated brain injury which varies between
brain regions and these changes may be associated with
physiological changes in NMDA receptor regulation. In
contrast to the response to kainate, the susceptibility of
the developing brain to NMDA toxicity in vivo tran-
siently peaks near PND 7 in rats (Fig. 9) (ref. 127). The
severity of brain injury produced by direct intrastriatal
infusion of equimolar NMDA is approximately 60 times
greater at PND 7 compared to adults (assessed by
measurement of regional cross-sectional areas). The
severity of NMDA-mediated brain injury at PND 1, 14,
21 and 28 is comparable to that produced by NMDA in
adults whereas intermediate levels of brain injury are
present at PND 4 and PND 10 and peak levels are present
at PND 7. A similar profile is observed in the hippo-
campus. Also, NMDA toxicity appears to peak at
different developmental time points in various brain
regions'”. Furthermore, the developmental susceptibil-
ity to NMDA toxicity differs markedly between different
neuronal populations within a given brain region. In rat
cerebellar slices the developmental profile of vulnerabil-
ity to NMDA toxicity differs markedly between neuronal
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Fig. 7. This diagram illustrates the possible role of EAA neurotox-
icity in acute brain injury. EAA neurotoxicity may be a common
mechanism in neuronal injury resulting from sustained seizures,
hypoxia-ischemia and physical brain trauma. All these conditions
tend to elevate the extracellular concentration of EA As via different
mechanisms. As detailed in Fig. 6, excessive activation of EAA
receptors, due to elevated concentrations of EAAs in the synaptic
cleft, can result in neuronal injury and death. There are two
recurrent pathways that could make these mechanisms self-propa-
gating. Adapted from Choi, 1988%,

types; Purkinje cells remain insensitive, Golgi cells
become more sensitive and granule cells become less
sensitive with postnatal development’.

Since NMDA mediated excitotoxicity is believed to
play a major role in the pathology of hypoxic-ischemic
brain injury, it may be predicted that the developmental
profiles of susceptibility to NMDA.- and hypoxic-ischemic
brain injury should be parallel. In fact, Ikonomidou et
al.”? have recently validated this hypothesis by demon-
strating that the developmental susceptibility to hypoba-
ric-ischemic brain injury has a similar profile to NMDA
toxicity in vivo in rodents.

The ontogenic profile of NMDA toxicity does not
appear to be related to any one identifiable change in the
expression or regulation of NMDA receptors but rather
is likely to be the result of several independent but not
mutually exclusive mechanisms including developmental
changes in: the expression of NMDA receptors, the
regulation of NMDA receptor activation, the functional
expression of synaptic inhibition and the regulation of
events occurring after NMDA receptor activation (gener-
ation and subcellular localization of second messengers,
phospholipases, proteases, phosphorylases and phospha-
tases, etc. and other events that regulate intracellular
calcium buffering). The peak sensitivity to NMDA
toxicity does not correlate precisely with the ontogeny of
NMDA-sensitive [*H]glutamate binding sites or the
relative expression of the associated NMDA modulatory
binding sites which lag behind susceptibility to NMDA
toxicity. However, the transient expression of NMDA
toxicity is consistent with several additional physiological

TABLE III

Relative neurotoxicity of specific EAA-receptor agonists in PND 7 and
adult rats

The relative neurotoxicity produced by intracerebral injections of the
specific EAA-receptor agonists NMDA, quisqualate and kainate is
markedly different in the adult and immature brain. On an equimolar
basis, in the immature brain NMDA produces the greatest degree of
brain injury in comparison to quisqualate and Kkainate. In contrast,
kainate is the most toxic in the adult brain followed by NMDA.

These comparisons are derived from literature data’®-127:136.149.167.
209,220,222

PND 7 NMDA >>> quisqualate > kainate = 0
Adult kainate >> NMDA = quisqualate

KAINATE
25 nmol

NMDA {
25 nmol

QuIS
100 nmol -

Fig. 8. Comparison of the severity of excitotoxic brain injury
produced by the selective EAA receptor agonists NMDA, quisqua-
late and kainate. PND 7 rats received unilateral intrastriatal
injections (right hemisphere) of either NMDA (25 amol/0.5 ul),
quisqualate (100 nmol/0.5 ul) or kainate (25 nmol/0.5 ul). Animals
were sacrificed on PND 12. All 3 agonists produced prolonged
tonic—clonic seizures. Injections of NMDA produced the greatest
degree of brain injury whereas quisqualate injections produced less
brain damage. In contrast, kainate injections produced few signs of
neuronal injury.



measurements of NMDA receptor function in develop-
ment.

During development there are specific laminar changes
in the sensitivity of hippocampal area CA1 to NMDA as
measured by decreases in extracellular Ca?* and con-
comitant field potentials; responses to NMDA transiently
peak in stratum pyramidale between PND 5-9 (ref. 83).
Furthermore, recent experiments suggest that NMDA
receptors in the visual cortex are more effective during
development than in adulthood®®?. Also, NMDA-
dependent spontaneous EPSPs and recurrent synchro-
nized burst activity are present in hippocampal area CA3
only during the first few weeks of postnatal life in
rats!”?1%! The biophysical properties of the NMDA
receptor/channel complex also change during develop-
ment and these changes may contribute to the observed
developmental changes in NMDA toxicity. In hippo-
campal slices, the voltage-dependent magnesium block-
ade of the NMDA associated ionophore is less consistent
at PND 8 compared to adults!®. Furthermore, the ionic
dependency of this voltage dependent blockade changes
during development such that lowering the extracellular
concentration of Ca®* from 2 mM to 1 mM selectively
reduces the voltage dependency of NMDA responses in
immature rats (PND 9-16) compared to adults®. These

PND 1

PND 14
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changes in the voltage dependency of NMDA responses
would be predicted make the developing brain more
susceptible to NMDA mediated brain injury.

In contrast to NMDA, quinolinate (an NMDA recep-
tor agonist) is a potent neurotoxin in the adult brain but
relatively weak in the immature brain although it elicits
seizures in both adult and immature brain®-1*%2%, This
observation suggests the presence of subtypes of NMDA
receptors. Quinolinate may act as a subset of NMDA
receptors that increase in number during development.
Differential developmental changes in the metabolism
and pharmacokinetics of these excitotoxins may also
contribute to these effects.

Susceptibility of striatal and hippocampal neurons to
quisqualate-mediated brain injury during postnatal de-
velopment does not change as markedly as NMDA
toxicity although toxicity appears to transiently peak in
younger animals between PND 7-14%813620% The yyl-
nerability of Purkinje and Golgi cells increases with
postnatal age in rat cerebellar slices while granule cells
remain unaffected throughout development™. The sus-
ceptibility to toxicity produced by the ionotropic non-
NMDA receptor agonist, AMPA, also transiently peaks
between PND 7-14 with peak values at PND 10,
However, AMPA is 10-15 times more potent (on an

PND 7

PND 21

Fig. 9. Ontogeny of NMDA-mediated brain injury. Comparison of Nissl-stained coronal brain sections at the level of the corpus striatum from
PND 1, 7, 14 and PND 21 rats that received unilateral intrastriatal injections of 25 nmol (0.5 4l injection volume) NMDA. Animals were
sacrificed 5 days later. The severity of brain injury is maximal at PND 7; the lesion is characterized by confluent neuronal necrosis involving
the striatum and extending into the thalamus, dorsal hippocampus and overlying neocortex. In comparison to PND 7, the severity of
NMDA-mediated brain injury is substantially reduced at PND 1, 14 and PND 21.
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TABLE IV

Dissociation of EAA-mediated seizures and excitotoxicity in PND 7
rats

1 Unilateral intracerebral injections of NMDA or quisqualate
produce bihemispheric synchronous seizure activity and only
ipsilateral brain injury.

2 Kainate is a potent convulsant but a weak neurotoxin in PND 7
rats,

3 Pharmacological blockade of seizure activity does not consistently
reduce NMDA -mediated brain injury.

equimolar bases) than quisqualate as a neurotoxin when
injected intracerebrally in PND 7 rats (McDonald, J.W.
et al., unpublished observations). The difference in
potency may reflect fundamental differences between
ionotropic and metabotropic-type quisqualate receptors
and/or differences in neuronal uptake or metabolism of
these agonists in vivo.

The neurotoxic potential of EAAs is not limited to
postnatal development. Glutamate produces neurotoxic-
ity in fetal brain when administered to pregnant mice and
monkeys, which indicates that EAAs can penetrate the
placental barrier and suggests that EAA receptors are
functionally expressed early in development!*%-167.230,
These results are consistent with the presence of EAA
receptors in human fetal brain (see Section 3).

The differential ontogeny of specific EAA agonist-
mediated neurotoxicity may relate to reported age-
dependent differences in the potency of EAA receptor
antagonists against EAA-mediated neurotoxicity. For
instance, the non-competitive NMDA antagonist MK-
801 is approximately 10-fold more potent as a neuropro-
tectant against NMDA- and hypoxia-ischemia-mediated
neuronal injury in immature rodents than in adults®”-
76124131 Als0, virtually complete neuroprotection can be
achieved with NMDA antagonists in immature brain in
contrast to only partial protection in adults. These results
are consistent with the enhanced effectiveness of NMDA
antagonists in the kitten cortex relative to adults®’®
1422233 Based on the relative potencies of the specific
EAA agonists in adult and immature brain, glutamate
toxicity would be mediated predominately by NMDA
and quisqualate’AMPA receptors in the immature brain
and by kainate in the adult brain. This hypothesis can
also account for the relative lack of neuroprotective
effects of NMDA antagonists against hypoxia-ischemia in
adult brain in certain models®®. In adults combinations of
NMDA and non-NMDA antagonists will probably be
required to achieve maximal levels of protection.

Several lines of evidence indicate a dissociation be-
tween EAA-mediated seizures and brain damage in the
immature brain (Table IV). Unilateral intrastriatal injec-
tions of NMDA or quisqualate produce bihemispheric

synchronous high-voltage and high-frequency epilepti-
form discharges; however, the damage is confined to the
injected hemisphere'®'. Coupled with the ability of
kainate and quinolinate to elicit seizures in the absence
of neuronal injury in PND 7 rats®®!%-2* these results
suggest that prolonged seizure activity is not always
sufficient to produce neuronal injury. Furthermore,
seizure activity is not necessary to produce NMDA
mediated brain injury, since anticonvulsants such as
phenytoin, diazepam and pentobarbital do not block
NMDA-induced injury in PND 7 rats although they
prevent seizure activity'>>1%,

In summary, agonists specific for each EAA receptor
subtype possess a unique developmental neurotoxicity
profile. The relative ability of these agonists to produce
brain injury in PND 7 rats compared to adult rats is:
kainate > > NMDA = quisqualate in adults vs NMDA
> > > quisqualate > kainate = 0 in PND 7 rats.
Furthermore, the developmental susceptibility of differ-
ent brain regions and specific neuronal populations to
EAA neurotoxicity differs markedly. Taken together the
results suggest that the developing brain is extremely
susceptible to neurotoxicity during restricted develop-
mental periods and that NMDA and quisqualate/AMPA
antagonists may provide more effective therapy against
excitotoxic neuronal injury in immature brain. During
development, selective neuronal vulnerability to excito-
toxic injury will be a function of the relative contribution
of each EAA receptor subtype to excitotoxicity and their
regional pattern of development. Depending on the stage
of development and degree of excitation of EAA
neurotransmitter pathways, EAAs can exert neurotro-
phic as well as neurodegenerative influences.

9. ROLE OF EAAs IN DEVELOPMENTAL NEUROLOGIC
DISORDERS

Several lines of research suggest that endogenous
EAAs contribute to the-pathophysiology of neurcnal
injury in some of the major neurologic disorders that
affect the developing brain (Table V). The strongest
experimental support is for a role of EAAs in hypoxia-
ischemia and prolonged seizures. Also, EAAs may have
a specific role in the pathogenesis of selective neuronal
injury resulting from two rare developmental disorders of
amino acid metabolism: non-ketotic hyperglycinemia and
sulfite oxidase deficiency. Furthermore, a growing body
of evidence suggests that EAAs may regulate neuroen-
docrine homeostasis and that aberrations in this regula-
tion may lead to developmental neuroendocrine disor-
ders. Ontogenic changes in the regulation and expression
of EAA receptors may relate to the developmental onset
and susceptibility to particular neurologic disorders.



TABLE V

Acute developmental neurologic disorders in which excitotoxic
mechanisms may contribute to neuronal injury

1 Hypoxia-ischemia (e.g. near drowning, cerebral palsy)

2 Sustained seizures (e.g. status epilepticus, febrile seizures)

3 Physical brain trauma

4 Disorders of amino acid metabolism
(a) non-ketotic hyperglycinemia
(b) sulfite oxidase deficiency

5 Endocrinopathies (e.g. stunted skeletal growth, sexual organ
hypoplasia, reproductive dysfunction)

9.1. Hypoxia-ischemia

Studies in both developing and mature animals suggest
that EAAs contribute to the pathogenesis of hypoxic-
ischemic brain injury. EAA agonists are neurotoxic in
the developing brain (see Section 8). The topography of
hypoxic-ischemic brain injury roughly corresponds to the
distribution of EAA receptors in brain'>*?'%2!1_ Further-
more, hypoxia-ischemia produces sustained neuronal
depolarization and large increases in synaptic glutamate
release and/or concomitant inhibition of high-affinity
glutamate uptake, resulting in a rise in the extracellular
concentration of EAAs which may produce excito-
toxicity'®:55-84208  Hypoxic-ischemic brain injury is de-
pendent upon EAA afferent input; selective ablation of
putative glutamatergic afferents limits the extent of
hypoxic-ischemic neuronal injury’**7-17¢-242_ Finally, hyp-
oxic-ischemic neuronal injury is reduced when animals
are either pre-treated or post-treated with EAA antag-
onists, particularly NMDA receptor antagonists®124126:
213, Despite the ability of NMDA receptor antagonists to
block the majority of hypoxic-ischemic neuronal injury in
developing brain, the distribution of EAA receptors
alone cannot explain the pattern of selective neuronal
injury. For example, neurons in both hippocampal areas
CA1 and CA3 are susceptible to hypoxic-ischemic injury
in the neonatal brain whereas neurons in area CA3 of the
adult brain are relatively resistant to injury compared to
area CAl neurons even though both areas have a high
density of EAA receptors. Additional neuronal group
specific properties such as their relative resistance to
hypoxia and energy depletion, their ability to buffer rises
in intracellular Ca?*, the subcellular localization of
enzymes involved in the excitotoxic cascade and their
local external environment may confer selective vulner-
ability.

9.2. Sustained seizures

Similarly, there is evidence suggesting a role of EAAs
in the pathogenesis of neuronal injury resulting from
status epilepticus and chronic epilepsy. Two major
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experimental approaches have been applied to the
investigation of the role of EAAs in these disorders:
analysis of EAA-induced seizures in experimental ani-
mals and biochemical assays of surgically excised epilep-
togenic brain tissue. EAAs are potent convulsants and
local injection of EAA-receptor agonists as well as
stimulation of EA A-afferent pathways produce a pattern
of acute and chronic morphological changes in brain that
are similar to the changes found in patients with
epilepsy!40:149:164.170.200.215  E A A-receptor antagonists
possess anticonvulsant properties and prevent the mor-
phological changes associated with seizures*42-8:48:53,
107,140. Furthermore, EAA receptors may participate in
the formation of epileptogenic foci in brain, since
antagonists of EAA receptors suppress the development
of spontaneous seizures and associated neurochemical
changes normally produced by kindling — a model of
epilepsy?+4975:139:221

Furthermore, EAAs are elevated in epileptic foci in
humans®®, Recent evidence indicates that there are also
increases in NMDA receptor binding in epileptic tissue
resected from patients with epilepsy’**. An epileptogenic
focus (e.g. in temporal lobe epilepsy) may arise gradually
in an abnormal brain region; underlying neuropathology
may be congenital or postnatally acquired. Epileptogen-
esis may be initiated early in life and may be an ongoing
and cycling process of neuronal injury and adaptive
synaptic reorganization. An interesting clinical observa-
tion is that in medically intractable temporal lobe
epilepsy there is fairly often a history of a single
prolonged (more than 30 min) febrile convulsion in
infancy. Neuronal epileptogenic mechanisms may be very
active during early brain development, coinciding with
developmental periods of maximal sensitivity to NMDA
toxicity and enhanced synaptic plasticity. Therapeutic
intervention with NMDA receptor antagonists early in
this process could conceivably preclude the subsequent
formation of an epileptogenic focus. The majority of
studies examining the processes that contribute to the
development of an epileptogenic focus have relied pre-
dominantly on adult animal models. Additional studies
that examine these mechanisms in the immature brain are
crucial, since it is widely held that epileptogenic processes
are initiated early in development in focal epilepsies such
as temporal lobe epilepsy.

9.3. Disorders of amino acid metabolism

Additional evidence suggests that EAA metabolites
may participate in the pathogenesis of acute neuronal
damage in two disorders of amino acid metabolism,
non-ketotic hyperglycinemia and sulfite oxidase defi-
ciency. In both disorders elevated levels of EAA metab-
olites are suggested to mediate excitotoxic brain injury.
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9.3.1. Non-ketotic hyperglycinemia. Non-ketotic hy-
perglycinemia (NKH) is an inherited disorder of glycine
metabolism characterized by abnormally high concentra-
tions of glycine in plasma and cerebrospinal fluid in the
absence of excess orgamic acids’®. It presents in the
newborn as myoclonic seizures, hypotonia and respira-
tory distress and is a well-recognized metabolic cause of
overwhelming illness in the first year of life?®. The
associated mortality rate is high and survivors are usually
mentally retarded and have intractable seizures. Until
recently, the relationship between impaired catabolism of
glycine and the pathophysiology of NKH has been
unclear. However, several recent observations have
provided a greater understanding of the relationship of
glycine to excitotoxicity. Glycine enhances NMDA-
mediated responses at a site closely associated with
NMDA receptors®™. There has been considerable con-
troversy whether the concentration of glycine in brain
extracellular fluid is sufficient to maximally potentiate
NMDA responses. However, the concentrations of gly-
cine in the synaptic cleft may be maintained relatively low
(through an active uptake or removal process) compared
to CSF levels. Exogenous glycine can potentiate NMDA-
mediated synaptic potentials in intact brain tissue in vitro
where the endogenous extracellular concentration of
glycine is presumably equivalent to the levels present in
vivo®®. Glycine also enhances chemically induced con-
vulsions in vivo when administered intrathecally and this
effect is blocked by antagonists of NMDA receptors!®.

Thus the 3-10-fold elevation of the concentration of
glycine in CSF of patients with NKH is likely sufficient to
overload any active synaptic glycine uptake or removal
process resulting in elevated synaptic concentrations of
glycine and potentiation of NMDA responses, which may
result in seizures, intracellular calcium accumulation and
neuronal injury. Furthermore, the developing nervous
system has heightened susceptibility to NMDA-mediated
brain injury relative to adults and high levels of glycine
may be particularly devastating to the nervous system of
the affected neonate (see Section 8). The evidence
suggests that the elevated CSF concentrations of glycine
in NKH may contribute to the pathophysiology of this
disease by overactivating NMDA receptors via an action
at the associated glycine modulatory site’***. However,
additional experimental evidence is needed to verify this
hypothesis.

9.3.2. Sulfite oxidase deficiency. The second identified
metabolic amino acid disorder, sulfite oxidase deficiency,
is a fatal childhood disorder characterized by widespread
neuronal injury and destruction, mental retardation and
elevated blood and CSF levels of the EAA vr-sulfo-
cysteine®*. L-Sulfo-cysteine is not normally present in the
human body and this abnormal metabolite is the result of

a deficiency of the enzyme sulfite oxidase in brain and
peripheral organs'’. Elevated concentrations of this
metabolite may become neurotoxic because 1-sulfo-
cysteine is not actively taken up by high-affinity gluta-
mate uptake systems!'. Furthermore, i-sulfo-cysteine
produces neuronal injury in retina and hypothalamus
when administered peripherally and is also neurotoxic
when directly injected into the brain of neonatal rats'®®.
The neuropathology produced by r-sulfo-cysteine resem-
bles that produced by other EAA analogues. The above
evidence indicates that L-sulfo-cysteine may participate in
the pathophysiology of neuronal injury in sulfite oxidase
deficiency and suggests that the resulting neuronal injury
occurs, in part, via an excitotoxic mechanism.

These disorders may provide useful clinical models in
which to explore the neuropharmacology of EAA antag-
onists and which to discuss the role of EAAs in the
pathogenesis of neuronal damage in infancy. These
insights also provide a basis for identification of other
metabolic disorders in which EAA metabolite-mediated
excitiotoxicity may occur.

9.4. Endocrinopathies

Disturbances in EAA neurotransmission may also
contribute to developmental disorders of neuroendocrine
regulation. EAA neurotransmitters may normally partic-
ipate in the regulation of neuroendocrine homeostasis via
actions upon neuronal circuits within the arcuate nucleus
of the hypothalamus. Olney'%? discovered that parenteral
administration of monosodium glutamate to neonatal
mice produced a lesion of the arcuate nucleus of the
hypothalamus that was associated with multiple endocri-
nopathies including development of obesity, stunted
skeletal growth, anterior pituitary and sexual organ
hypoplasia and sterility. Additional studies confirmed
and extended these findings to include significant alter-
ations in the levels of several gonadotropin hormones,
abnormalities in the pulsatile secretion of growth hor-
mone, precocious puberty, disturbed estrous cycles and
severe reproductive dysfunction in adult animals'>*!7!.
Further studies indicated that parenteral administration
of subtoxic doses of glutamate and related EAAs to
adolescent and adult animals produced marked, revers-
ible alterations in adenohypophysial hormone secretion
via an action on a select population of hypothalamic
neurons>*169:175.184.198.227  Activation of hypothalamic
NMDA receptors may underlie the onset of puberty in
rodents and primates®’*7*2* These observations sug-
gest that disruption of endogenous EAA neurotransmis-
sion, by disease or drugs, at critical periods in develop-
ment could have long-lasting effects on neuroendocrine
function and may have potential to produce a variety of
developmental endocrinopathies.



In conclusion, EAAs may play an important role in a
variety of developmental brain disorders including hyp-
oxia-ischemia, epilepsy, as well as metabolic and neu-
roendocrine disorders. It is likely that excitotoxicity also
contributes to physical brain trauma during development
as it does in adult rodents®®. However, additional
experimental support in the immature brain will be
necessary to verify this hypothesis. The propensity of
these disorders to produce neuronal injury would be
expected to change dramatically during development
based on the dynamic ontogenic changes in susceptibility
to selective EAA-agonist-induced neurotoxicity. These
results are likely applicable to human infants since
prenatal or perinatal exposure (either orally or paren-
tally) to endogenous or exogenous EAA analogues have
the potential to destroy neurons and markedly alter
normal CNS development in a variety of species®”
59,163,165,206,209.217  Eyrther investigation of the ontogeny
of EAA pathways and the developmental regulation of
EAA neurotoxicity will aid in the understanding of the
pathophysiology of and the susceptibility to several
developmental neurologic disorders and in the potential
treatment of these conditions.

10. THERAPEUTIC POTENTIAL OF EAA-RECEPTOR AN-
TAGONISTS

The above evidence, implicating EAAs in neurotox-
icity in several developmental brain disorders, coupled
with studies that demonstrate that EAA-receptor antag-
onists are effective in reducing neuronal injury in
experimental models of these disorders, provides impetus
for the use of EAA receptor antagonists as potential
therapy in humans. Since no effective, selective lipophilic
antagonists of non-NMDA receptors have been devel-
oped, it is difficult to determine the therapeutic potential
of non-NMDA receptor antagonists against neuronal
injury. However, there are clearly potential beneficial
effects of NMDA receptor antagonists in these condi-
tions. In this section, the benefits and potential side
effects of EAA receptor antagonists as therapy in
developmental disorders will be discussed.

10.1. Acute therapy

Several possible side effects of NMDA receptor an-
tagonists may limit their usefulness as neuroprotective
agents especially during development. The non-compet-
itive PCP-like NMDA receptor antagonists may be
associated with acute schizophrenia-like symptoms simi-
lar to those produced by phencyclidine. Depression of
synaptic transmission by NMDA receptor antagonists
could impair respiratory and cardiovascular control al-
though these functions could be supported artificially.
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Furthermore, these antagonists may also transiently
interfere with critical stages of synaptic development (see
Sections 5 and 6). It is conceivable, however, that the
beneficial neuroprotective effects of NMDA receptor
antagonists could outweigh the negative short-term side-
effects. Thus the acute use of these compounds may be
of considerable therapeutic value. However, the phar-
macology of these compounds is complex and more
detailed studies regarding their potential side effects in
developing animals will be required prior to their use in
humans. For example, acute administration of the
NMDA receptor antagonist MK-801, at doses required to
achieve neuroprotection, may sensitize the developing
brain to EAA-mediated brain injury’*°. In contrast to the
neuroprotective effects of MK-801 when administered
shortly before or after intrastriatal injection of NMDA in
PND 7 rats, administration 24 h before NMDA injection
paradoxically enhances NMDA-mediated brain injury.
Persistent upregulation of NMDA receptors induced by
MK-801 pretreatment may account for the enhanced
toxicity of NMDA. Acute administration of MK-801
rapidly upregulates the number of NMDA receptors
(within 30 min; 30-50% increase relative to controls) and
this response persists up to 24 h'*%13¢ The persistent
increase in the numbers of NMDA receptors may
sensitize the brain to injury as the levels of MK-801
decline in the brain. To avoid this problem in clinical
practice, it may be necessary to develop therapeutic
protocols in which patients are gradually weaned from
these compounds.

Although substantial evidence indicates that NMDA
receptor antagonists may be of therapeutic value in
several forms of acute brain injury, few of these antag-
onists are approved for use in humans. Potential neuro-
protective agents that act at the NMDA receptor channel
complex and that are approved for human use include
ketamine and dextromethorphan (PCP receptor ligands),
magnesium and barbitol derivatives. Ketamine, dextro-
methorphan and barbitol derivatives limit excitotoxic
neuronal injury in both the developing and mature
brain®*135:136.172:194 _ Ajthough these compounds are less
potent and have a smaller therapeutic dose range
between neuroprotective and toxic doses than other
NMDA antagonists their immediate availability for clin-
ical therapy is exciting. One interesting therapeutic
possibility, that has not received much attention, is
magnesium sulfate. Magnesium is as effective as several
other NMDA receptor antagonists in blocking NMDA-
mediated brain injury in perinatal rats'?>'*. Further-
more, magnesium protects against hypoxic-ischemic and
traumatic CNS injury®-13#193.237_ Finally, magnesium has
been used therapeutically for many years to treat eclamp-
tic seizures’’. Magnesium normally does not readily
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Fig. 10. Schematic diagram relating the level of EAA receptor
activation and the balance between normal and delayed or disrupted
development and excitotoxicity. Evidence presented in this review
suggests there is an optimum level of EAA activation required for
normal development. However, excessive receptor activation can
produce neuronal injury while under activation may delay or disrupt
normal development. Acute brain injury (e.g. hypoxia-ischemia
etc.) can directly disrupt the normal course of development.
Following brain injury, neuronal adaptive regulatory mechanism are
activated. These compensatory processes, while promoting neuronal
plasticity and repair, may paradoxically enhance the susceptibility of
the brain to excitotoxic injury. A corollary to this phenomena is that
the developing brain would be predicted to be most vulnerable to
excitotoxic injury during periods when the capacity for synaptic
plasticity is greatest.

penetrate the fully developed blood-brain barrier, but
the blood-brain barrier permeability is greater in infants,
during seizures, in hypoxia-ischemia and in other acute
neurologic disorders®**>%2, Thus, magnesium may pro-
vide effective therapy in these conditions when adminis-
tered parentally. The experimental evidence of magne-
sium’s neuroprotective properties together with its
proven clinical utility in obstetrics and the absence of
neurotoxicity suggest that this agent could provide a
unique therapeutic approach to limit excitotoxic brain
injury in humans.

10.2. Chronic therapy

Chronic use of EAA receptor antagonists, especially
NMDA receptor antagonists, as therapeutic agents dur-
ing development (e.g. for treatment of childhood epi-
lepsy) may be considerably limited. Given that EAA
receptor activation underlies certain forms of activity-
dependent synaptic plasticity and regulates the develop-
ment of cytoarchitecture and neuronal circuitry, the
potential long-term side effects of chronic treatment with
NMDA receptor antagonists may well far outweigh their
benefits. Evidence in humans suggests that chronic
administration of PCP produces deleterious behavioral
effects in infants®®-11-***, PCP readily crosses the placen-
tal barrier and can also be transferred in breast milk*>'*.
Several studies indicate that administration of PCP to
pregnant female rats and sows results in a prolonged fetal
exposure; PCP is concentrated in the fetal brain (10-fold
greater than the concentration in maternal brain) and

PCP persists in the fetal brain for weeks after PCP is
undetectable in the mothers brain or serum . In
addition, several case reports in humans suggest that fetal
exposure to PCP may produce severe developmental
neurologic disorders and PCP may also be teratogenic’”
%225 Thus the high concentration and persistence of
PCP (and potentially its analogues) in the immature brain
may affect later CNS development. Exposure of the
developing nervous system to PCP appears to produce
chronic adverse effects and may potentially interfere with
a variety of developmental processes. It is not clear
whether competitive NMDA receptor or glycine receptor
antagonists will entirely share these properties.

In summary, antagonism of NMDA receptor activation
by any of the above pharmacological strategies provides
a rational therapeutic approach to limit excitotoxic CNS
injury during development. There are many clinical
situations in which these antagonists could be used to
limit acute brain injury. However, the risks of chronic use
of these drugs during childhood may outweigh their
potential benefits.

11. CONCLUSIONS

The experimental data reviewed here suggest that
EAAs participate in a variety of physiological and
pathophysiological processes during CNS development.
EAAs function as neurotransmitters and also regulate
development of neuronal cytoarchitecture and neuronal
connectivity. EAAs play a major role in several forms of
activity-dependent synaptic plasticity including learning
and memory and stabilization and elimination of synaptic
connections. However, the same events that underlie
these mechanisms may also be transformed into processes
that result in neuronal destruction. EAAs may play a role
in several developmental neurologic disorders including
hypoxic-ischemic and seizure-related brain injury, disor-
ders of amino acid metabolism and neuroendocrinopa-
thies. Thus a critical level of activity of EAA neurotrans-
mitter systems is required for normal CNS development
(Fig. 10). Too little activity may delay or impair CNS
development while overactivity could produce neuronal
damage. Once the brain is injured, adaptive regulatory
mechanisms are activated which promote neuronal plas-
ticity and repair. Paradoxically, these compensatory
mechanisms may also enhance the susceptibility of the
brain to neuronal injury. As a corollary to these
phenomena, the developing brain appears to be most
susceptible to excitotoxic injury (i.e. NMDA-mediated)
during periods of heightened synaptic plasticity. Also, the
structures of the mature brain that are most susceptible
to neuronal injury correspond to the areas that are
believed to have the greatest capacity for synaptic



plasticity. In accordance with this hypothesis, the sus-
ceptibility of individual brain structures to excitotoxic
injury changes dramatically during postnatal develop-
ment. In general, susceptibility to excitotoxicity produced
by EAA analogues selective for each EAA receptor
subtype transiently peaks during early postnatal devel-
opment (with the exception of kainate toxicity) and peak
toxicity to each analogue occurs at different developmen-
tal ages whereas kainate toxicity increases with age.
Differences in the developmental expression and regula-
tion of the receptor subtypes may contribute to these
ontogenic effects. Thus the regional pattern of neuronal
susceptibility to excitotoxicity produced by excessive
EAA receptor activation induced by glutamate will be
markedly dependent upon developmental age. For these
reasons, NMDA and quisqualate/ AMPA receptor antag-
onists may provide more effective therapy against exci-
totoxic brain injury during development and may become
progressively less effective with maturity whereas antag-
onists of kainate receptors would be more effective in
adults. However, the potential for adverse neurological
effects produced by chronic blockade of NMDA and
quisqualate/AMPA receptors is also greater during early
postnatal development. With the advent of selective
non-NMDA type EAA receptor antagonists, future
studies will delineate the contribution of ionotropic and
metabotropic type quisqualate receptors and kainate
receptors to the physiology and pathophysiology of CNS
development.

SUMMARY

Recent studies suggest that excitatory amino acids
(EAAs) have a wide variety of physiological and pa-
thophysiological roles during central nervous system
(CNS) development. In addition to participating in
neuronal signal transduction, EAAs also exert trophic
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