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Glutamatergic Systems and Anxiety

David N. Stephens

1. ANXIETY DISORDERS

Anxiety is a normal emotion experienced by humans and other mammalian species.
However, anxiety also exists in pathological forms, and anxiety disorders are the most
prevalent of psychiatric disorders. Prevalence rates vary with the diagnostic tools used to
estimate them, and with study design, but the most extensive studies suggest that within
the United States, 15.7 million people are affected yearly and 30 million at some point in
their lives (/). In a US study, 6% of men and 13% of women had suffered from an anxiety
disorder in the previous 6 mo (2).

According to current classification in the Diagnostic and Statistical Manual (DSM-1V)
(3) major anxiety disorders include phobias, obsessive-compulsive disorder (OCD),
posttraumatic stress disorder (PTSD), and generalized anxiety. Although the specific
symptomatology and etiology of these disorders varies, as does the recommended psy-
chotherapeutic and pharmacological treatment, all of these disorders are characterized by at
least three core clusters of symptoms: autonomic arousal, avoidance, and cognitive distur-
bance. Arousal of the autonomic nervous system involves sympathetic activation with
associated tachycardia, sweating, shortness of breath, dry mouth, and other concomitants of
preparation for a “fight-or-flight” response to a real or perceived threat. Avoidance involves
physical or psychological distancing from threatening environments or events. Anxiety-
related cognitive disturbance focuses on thoughts and feelings about the perceived threat
and includes such symptoms as intrusive thoughts (as in OCD and PTSD), difficulty
concentrating, vigilance, and excessive worry. Although there are similarities in core symp-
tomatology across anxiety disorders, and with normal anxiety, there are also differences in
the symptoms of each individual disorder. Accompanying the core symptoms of arousal,
avoidance, and cognitive disturbance present in generalized anxiety and fear are alterations
in the neurochemical environment within the brain, and many workers in the field would
argue that what distinguishes “normal” anxiety from the anxiety disorders is that the latter
reflect a neurobiological disorder of the central nervous system (CNS).

2. NEUROBIOLOGY OF ANXIETY
Emotional behaviors have long been ascribed to the “limbic system,” the large relative
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different context in the glutamate field, to point out that the evolution of intelligence had
not led to a reduction in the importance of emotions, and to speculate that humans are the
most emotionally developed animals (cited in ref. 4). The term “limbic system” is diffi-
cult to sustain in the subsequent development of functional neuroanatomy, and these
early ideas have been superseded by more specific hypotheses regarding neuronal struc-
tures involved in anxiety. Central among such hypotheses are those identifying the
amygdala and its connections as the core of a system subserving fear conditioning (e.g.,
refs. 5-8), the septo-hippocampal hypothesis of Gray (9,/0), which posits that neural
systems in the hippocampus and related areas, underlying behavioral inhibition, lie at the
heart of anxiety mechanisms, whereas systems identified as mediating flight from imme-
diate threat, and including the periaqueductal gray matter of the midbrain and its related
hypothalamic circuits, represent the fundamental systems serving fear and panic reac-
tions (/7). Each of these complementary hypotheses requires consideration of the role of
glutamatergic transmission that might have implications for potential treatments.

2.1. Amygdala and Conditioned Fear

The amygdala has long been implicated in the expression of fear and anxiety. Early
work on the Kluver—-Bucy syndrome described how amygdala lesions in monkeys
resulted in animals that showed little fear of objects and people that were treated as
threatening by normal animals. More recently, activation of amygdala during panic
attacks (12, 13) or anticipatory anxiety (/4) has been cited as evidence for involvement of
the amygdala in clinical anxiety. Congruent findings that PTSD (but not panic disorder or
OCD) patients show increases in blood flow in the right amygdala when exposed to anxiety-
provoking stimuli have also been reported (/5-7/7), whereas in a functional magnetic
resonance imaging (fMRI) study (/8), social phobic patients (but not controls) showed
heightened activation of the amygdala bilaterally in response to presentation of emotion-
ally neutral faces previously associated with an aversive odor.

Animal experimental work has also identified amygdala circuitry as being of central
importance in processing of information during fear conditioning, and in the fear-poten-
tiated startle paradigm (e.g., refs. 5, 6, and /9). Much of the work evaluating the role of
the amygdala in mediating emotions has been the subject of recent excellent reviews
(e.g., 19 and 20). In particular, the amygdala appears to be of central importance in the
formation of associations between discrete environmental events and aversive stimuli,
and the expression of fear reactions through its projections to brainstem structures
governing behavioral, autonomic, and endocrine responses to threat. Formation of asso-
ciations between environmental contexts (i.e., the entire complex of cues provided by
any environment) and aversive stimuli additionally requires the involvement of hippocampal
systems projecting to amygdala nuclei. It is of note that both the thalamo-amygdala
pathways and afferents from temporal cortex synapse on to lateral amygdala neurons
bearing both N-methyl-D-aspartate (NMDA) and non-NMDA receptors (21).

There is currently some discussion regarding the roles of amygdala nuclei in process-
ing fear-related information. Although both Ledoux and Davis emphasize the lateral and
basolateral part of the amygdala as the area that receives input regarding both aversive
events and associated cues, and hold that these areas then provide inputs to the central
nucleus, recent studies suggest that the central nucleus may also function independently
of the lateral nuclei, receiving highly processed sensory input from entorhinal cortex and
related areas (see ref. 20 for a review).
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2.1.1. Intra-Amygdalar Pathways

Within the amygdala, information regarding at least simple acoustic cues reaches the
central nucleus either directly (7) or from the lateral amygdala, which itself is thought to
receive information from sensory, including auditory, pathways (5). The lateral amygdala
projects to the central nucleus both directly, and via relays in the basal and accessory
basal amygdala. The lateral amygdala also receives information regarding nociceptive
events, whereas the accessory basal nucleus receives input from the spinothalamic tract via
the posterior thalamus (22) and the central nucleus, both indirectly via the parabrachial
area (23) and directly from spinal cord (24). The amygdala is therefore well-fitted to inte-
grate information regarding aversive events and environmental stimuli that predict them.
Certain lateral amygdala neurons fire in response to both nociceptive stimulation and
auditory input (25), offering the possibility of integration of auditory with nociceptive
information by associative long-term potentiation (LTP) in the auditory input pathway.

2.1.2. Output Pathways

The central nucleus of the amygdala projects to other areas (see also Chapter 3)con-
trolling the expression of fear responses, and lesions of the central nucleus disrupt the
expression of the behavioral, autonomic, and endocrine responses of conditioned fear.
Lesions in these projection areas are able to disrupt selectively parts of the fear response,
so that damage to the lateral hypothalamus prevents blood pressure, but not freezing
responses, whereas lesions of the midbrain central gray disrupt freezing, but not blood
pressure responses (26). Similarly, selective disruption of the conditioned release of
pituitary-adrenal stress hormones is achieved by stria terminalis lesions (27).

2.1.3. Learning Mechanisms in the Amygdala

LTP has been proposed as a mechanism whereby synaptic transmission is facilitated
as a result of use. In the hippocampus CA1 region, the mechanism whereby repeated
activation of synapse results in facilitated transmission has been demonstrated to depend
on glutamate acting at o-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA)
receptors to depolarize the postsynaptic membrane, a consequence of the membrane
depolarization is the expulsion of Mg?* ions from the lumen of NMDA receptor-gated
channels, allowing glutamate acting at these receptors to trigger Ca>" flux through the
channel. Ca?* influx triggers a number of intracellular events that lead to enhancement of
the fast AMPA receptor-mediated component of synaptic transmission (28,29) arising
from increased concentration of AMPA receptors within the synapse, and, consequently,
increased excitatory postsynaptic potential (EPSP) magnitude in the postsynaptic ele-
ment following presynaptic activity. This basic mechanism may form the basis for the
formation of associations; if a postsynaptic element (say, a spine) has synapses with two
presynaptic inputs, then activity in one of them may provide the necessary depolarization
to remove the Mg?* block in neighboring synapses, thus allowing NMDA receptor-medi-
ated transmission through the second synapse, and increased probability of presynaptic
activity in the second synapse resulting subsequently in activation of the postsynaptic
element. If synapse 1 carries information regarding an aversive event (the unconditioned
stimulus [US]), and synapse 2 information regarding an environmental event (conditioned
stimulus [CS]) occurring contemporaneously with the US, then, following synaptic
strengthening, activation of the synapse carrying information about the CS may have
similar postsynaptic consequences as activationg the synapse carrying information
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regarding the aversive US did before strengthening occurred. Thus, a form of “associative
LTP” may in principle underlie simple conditioning. Whether it indeed does so requires
further evidence, but it is of considerable interest that prior fear conditioning increases
the magnitude of EPSPs in amygdala slices (30). Furthermore, LTP is found in the pathway
from medial geniculate body to the lateral nucleus of the amygdala, which is thought to
mediate conditioning of fear responses to acoustic stimuli, and tetanic stimulation of the
medial geniculate body also results in a long-lasting potentiation of a field potential in
the lateral amygdala elicited by a naturally transduced acoustic stimulus (3/,32). The
stimulation coincidence parameters that are necessary for induction of LTP in the lateral
amygdala closely resemble those required for the formation of associations between CS
and US in fear-conditioning experiments (33). Taken together, these experiments suggest
that that LTP-like mechanisms underlie amygdala-mediated fear conditioning.

2.1.4. Glutamatergic Transmission in Amygdala Circuits

The neural bases of LTP have been most extensively studied in the well-characterized
pathways of the hippocampus, and it is not clear whether the same mechanisms underlie
LTP in amygdala pathways. Although NMDA receptor-dependent LTP has been demon-
strated in pathways from cortex to amygdala (34,35), and some pathways within the
amygdala (36,37), NMDA-independent LTP has also been suggested (38). In the tha-
lamo-amygdala pathway, NMDA-independent LTP may be mediated by Ca?* influx
through L-type voltage gated Ca?* channels (39). A further possible difference between
hippocampal LTP and amygdala LTP (at least in the lateral amygdala) is in the presumed
locus of plasticity. Although it is widely accepted that postsynaptic changes are responsible
for the increased synaptic efficiency seen in hippocampal CA1 LTP, some forms of
amygdala LTP may depend upon presynaptic changes (40). Furthermore, synaptic facili-
tation resulting from low-frequency activation of the pathway from external capsule to
lateral amygdala is independent of both NMDA receptors, and L-type calcium channels,
and depends upon Ca?* flux through kainate receptor-operated channels (41). This form
of LTP may not require alterations in AMPA receptor location or density within the
synapse, and may implicate presynaptic mechanisms, including facilitated glutamate
release (47). The facilitation of transmission is also not limited to the synapse carrying
the signal leading to the LTP (homosynaptic LTP) but spreads to neighboring synapses
(heterosynaptic LTP). Inasmuch as these neighboring synapses may be involved in the
processing of different environmental events, this latter property may result in generaliza-
tion of conditioned fear to other stimuli that have not been specifically associated with a
fearful event. This might be a mechanism underlying pathological conditions in which
anxiety or fear are triggered inappropriately by innocuous stimuli (4/).

2.1.5. Glutamatergic Pharmacology of Amygdala-Mediated Fear Conditioning

The work outlined above suggests that fear conditioning may be amenable to manip-
ulation by several drugs acting at glutamate ionotropic receptors. In keeping with the
proposed role of NMDA receptors in the formation of LTP, NMDA antagonists given
during acquisition of the conditioned fear response should prevent conditioned fear, and
indeed, infusion of 2-amino-7-phosphonopentanoic acid (APV) into the basolateral
amygdala (BLA) during acquisition blocked fear conditioning, whereas APV infusions
prior to testing (when NMDA receptors may not be required for expression of the plas-
ticity) had no effects (42,43). Though others (44,45) have found NMDA blockade in the
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right BLA to interfere with both acquisition, and expression of conditioned fear
responses, the blockade of expression may be explained by the involvement of NMDA
receptors in normal synaptic transmission within amygdala accessory pathways (e.g.,
ref. 45). This explanation would also account for the effectiveness of intra-BLA infu-
sions of NMDA antagonists in nonassociative measures of anxiety, such as the plus-
maze (46) and social interaction tests (47).

In keeping with the notion that expression of conditioned responses may depend on
upregulation of non-NMDA mediated transmission, local infusion of the AMPA/kainate
antagonists CNQX and NBQX into either central or basolateral amygdala blocks expres-
sion of fear-potentiated startle (48,49).

2.1.6. A Wider Role of the Amygdala in Affective Behavior

In addition to its well-known role in mediating anxiety and fear, the amygdala also
plays a central role in learning about appetitive events. The BLA appears to play an
essential role in the attribution of affective value to environmental events that predict
either aversive or appetitive events. Although animals may be able to learn about the
predictive nature of such cues following lesioning of the lateral amygdala, the cues acquire
no affective value of their own. In other words, stimuli associated with fear-producing
situations may inform the animal of an imminent aversive event, but the stimulus will
not evoke an emotional response. In the case of appetitive conditioning, rats with BLA
lesions fail to learn new instrumental responses to obtain a cue previously associated
with food or a drug reward. Current theories thus hold that the BLA functions to allow
animals to utilize cues associated with primary reinforcers, whether positive or nega-
tive, to assess their affective properties, and to use that representation to alter their
behavioral response (50,51). Although largely developed to account for data acquired
from appetitive conditioning, essentially similar functions are likely to apply to aversive
conditioning. According to the model of Everitt and colleagues (50), the affective value
of the CS is processed by the BLA, but the consequences for behavioral output depend
on the information being conveyed to the accumbens (52-54). This approach predicts
that disruption of BLA function might then reduce the organism’s ability to assess the
affective significance of cues conditioned to motivationally significant events—both
positive and negative.

2.1.7. AMPAergic Transmission in Basolateral Amygdala

In the BLA, AMPA receptors mediate fast excitatory postsynaptic potentials in
response to activation of glutamatergic inputs from both cortical and subcortical regions
(55,56). The BLA contains two major classes of neuron: (1) spiny pyramidal projection
neurons and (2) sparsely spined, nonpyramidal local circuit neurons, most of which are
v-aminobutyric acid-(GABA)ergic (57). It is the synaptic contacts of these GABAergic
neurons that are likely to be the means by that benzodiazepine anxiolytics infused into
the BLA achieve anxiolytic-like effects in rodent models of anxiety such as the Vogel
punished licking test (58). The GABAergic local circuit neurons differ from the pyrami-
dal cells in their AMPAergic inputs. Whereas the GABAergic interneurons possess
marked immunoreactivity to GluR1 subunits, the pyramidal cells exhibit only light
GluR1 immunoreactivity (59). Conversely, although GluR2/3 immunoreactivity has
been reported in some interneurons, it is largely limited to pyramidal neurons (59-61),
and He and colleagues (6/), using a selective GluR2 antibody, conjecture that many
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AMPA receptors on interneurons may not contain GluR2. This interpretation is consistent
with electrophysiological evidence indicating that, whereas the AMPA component of the
synaptic current at inputs to pyramidal cells is independent of calcium (the underlying
receptors thus contain GluR2 subunits), in contrast, AMPA receptors on inhibitory
interneurons show high permeability to calcium, indicating a low representation of
GluR2 (62). This complex arrangement makes it difficult to predict whether drugs acting
at AMPA receptors are likely to give rise to anxiolytic or anxiogenic effects, because they
will interact with both inhibitory and excitatory inputs to BLA pyramidal cells. However,
animals with targeted deletions of GluR1 subunits should differ from mice with deletions
of GluR2 or GluR3 subunits. Because GIuR1 subunits represent by far the major compo-
nent of AMPAergic receptors in the GABAergic interneurons, it is likely that targeted
deletion of GluR1would result in a profound reduction in their excitability, with a conse-
quent disruption of firing patterns of BLA pyramidal output neurons to which they
normally provide an inhibitory control. Inasmuch as BLA neurons are involved in anxi-
ety, one might then expect that GluR1 knockout mice would show increased anxiety as a
consequence of reduced activation of GABAergic interneurons, whose outputs are pre-
sumably the site of anxiolytic action of benzodiazepines administered into the BLA. We
have observed an increased tendency to thigmotaxis in an open field, and reduced open-arm
exploration in the plus maze in GluR1 knockouts, as well as increased fear conditioning
in a conditioned emotional response measure (Ripley, Mead, and Stephens, unpublished
observations).

In the absence of GluR2 subunits in most receptors, the high calcium permeability of
AMPA receptors in synaptic contacts onto BLA interneurons may make such synapses
especially sensitive to plastic modification. Tetanic stimulation of inputs to BLA
inhibitory neurons results in increased synaptic efficacy, which is independent of NMDA
receptor activation, and is reflected in an increase in GABAergic inhibitory currents in
pyramidal neurons (62). Deletion of the gene-encoding GluR1 subunits can thus be
expected not only to reduce the extent to which the inhibitory interneurons modulate
pyramidal cell activity, but also to remove the substrate whereby plastic changes in the
inhibitory control of pyramidal cell excitatory outputs (including those to accumbens;
refs. 63-65) occur during learning. In principle, this action may account for the loss of
the ability of mice in which GluR1 subunits have been deleted to attribute affective prop-
erties to environmental cues associated with positive reinforcement (66,67).

An alternative account of these findings might thus be that deletion of GluR1 leads to
an impairment of the glutamatergic input from BLA to the ventral striatum (64,65) or
orbitofronal cortex (68,69), because the medium spiny neuron targets of this amygdala-
accumbens pathway also express GluR1 subunit-containing AMPA receptors (70).

The foregoing paragraphs illustrate the complexity of transmission within the amygdala
glutamatergic circuits and much remains to be discovered before potential therapeutic
agents based on interactions with glutamate systems can be rationally designed.

2.1.8. Dopamine-Glutamate Interactions in Amygdala

The schema outlined above suggests that the amygdala may influence behaviors
related to anxiety by two rather separate mechanisms. First, outputs from the central
nucleus to assorted brain areas may be responsible for both behavioral responses, such as
flight or fight, mediated through hypothalamus and central gray of the midbrain, and
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endocrine (via paraventricular nucleus) and vegetative consequences of fear-provoking
events. Second, motivational consequences of fear-related stimuli may be organized
through outputs to the ventral striatum and orbitofrontal cortex. This latter system offers
a substrate for interactions between glutamate and dopamine systems paralleling those
involved in appetitive motivation.

A third possible interaction is suggested by the observation that dopamine neurons
arising from substantia nigra and ventral tegmental areas of the midbrain provide a rich
innervation of the amygdala, and such projections are activated during presentations of
conditioned fear stimuli. Blockade of these pathways by administration of either a D1
antagonist (SCH23390) into basal or lateral areas of the amygdala, or a D2 (quinpirole)
antagonist into the ventral tegmental area (VTA; both of which treatments result in
decreased D1 receptor activation at the amygdala target neurons) decreases freezing to a
cue paired with a fear stimulus (7/,72). Similarly, either SCH23390 or the D2 antagonist,
raclopride, administered into amygdala blocks the acquisition of fear-potentiated startle
(73,74), and a D2 antagonist, eticlopride, administered into amygdala attenuates condi-
tioned freezing to a tone presented 24 h later, implicating D2 receptors in acquisition of
fear conditioning (75). In these experiments, injections were directed at lateral and baso-
lateral aspects of the amygdala, and although there may have been some spread of the
drug to neighboring areas, it seems likely that most of these effects are indeed
attributable to these nuclei. A possible explanation of these observations holds that
synaptic plasticity in the BLA requires not only coincidence of a sensory-related synaptic
input (perhaps the CS) and one that causes a postsynaptic depolarization (perhaps the
US), but also dopamine release (76). Dopamine is known to enhance signal-to-noise
ratio of strong inputs into postsynaptic elements bearing dopamine receptors, so that it
can be hypothesized to enhance neuronal excitability, maximizing the association of the
CS and US, while suppressing less significant inputs not related to the task. In particular,
DA receptor activation in BLA potentiates the electrophysiological response evoked by
electrical stimulation of sensory association cortex, while attenuating spikes elicited
by stimulating prefrontal and mediodorsal thalamic inputs to the BLA (77). Dopaminer-
gic systems might thus play a facilitatory role in acquisition of conditioned fear (78).

A further source of interaction between BLA dopamine and glutamate systems derived
from the BLA’s outputs to prefrontal cortex and nucleus accumbens. Accumbens
medium spiny GABA neurons receive glutamatergic inputs from cortico-limbic areas,
including prefrontal cortex, hippocampus, and amygdala, and dopamine systems may be
important in biasing the selection of particular inputs to influence behavioral output
through activation of the medium spiny neurons (79,80). Glutamatergic afferents from
the BLA form synapses in close proximity to dopamine terminals, and afferent activity
from BLA increases dopamine efflux, which may then act to facilitate processing of further
glutamatergic input from BLA (79). The BLA may also affect dopamine release in the
accumbens indirectly; BLA glutamatergic projections to medial prefrontal cortex acti-
vate feedback mechanisms to the VTA, which regulates firing of dopamine neurons (87).

Dopamine is released in accumbens shell following exposure to both unconditioned
and conditioned aversive and stressful events (82,83), though the increased dopamine
release may depend on fear conditioning (83,84), even in the case of apparently uncon-
ditioned experimental situations (85). Consistent with a role of dopamine in fear condi-
tioning, dopamine depletion in the accumbens disrupts aversive conditioning (86).
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Dopaminergic—glutamatergic interactions in BLA and accumbens are thus likely to play
complex roles in processing of stimuli signaling aversive, as well as rewarding events.
Consistent with this account, antipsychotic drugs, including clozapine, haloperidol, and
raclopride (87) and dopamine D1 antagonists (87) given systemically block the acquisition
(though not the expression) of conditioned fear in rodents.

Despite such evidence from animal studies, antipsychotic drugs are not recognized by
prescribing agencies for the treatment of anxiety disorders, though they have a tradition
of use in the control of anxiety associated with psychoses, and in the elderly, and are
sometimes used by general practitioners for other forms of anxiety.

2.2. Output Systems: Fight-and-Flight Systems in the Periaqueductal Gray

As already outlined, amygdala outputs to the central gray may be important in mediat-
ing behavioral responses to cues conditioned to aversive events. The main excitatory input
into the central gray is glutamatergic and NMDA receptors are widely distributed within
the structure (88,89). Injections of NMDA antagonists into the periaqueductal gray give
rise to anxiolytic-like effects in the elevated plus-maze (90-93). Similarly, injection of the
glycine antagonist 7-chlorokynurenic into the dorsal periaqueductal gray blocked the
anxiogenic effects of penetylenetetrazol in the elevated plus-maze (94). More recently,
anxiolytic-like effects of AP7 following injection into the dorsolateral or ventrolateral
columns of the central gray in the Vogel punished licking test have been described (93).
Although these observations are in a general sense consistent with a role of glutamatergic
systems within the periaqueductal gray in anxiety, it is unfortunate that further observations
are not available in tests with more face validity as models of flight or of panic.

2.3. The Septo-Hippocampal Hypothesis of Gray

Gray and McNaughton (/0) dispute that anxiety may be equated with conditioned
fear, partly on the grounds that conventional anxiolytic drugs are ineffective against fear
in animal models in which flight is the predominant response to the threat, whereas they
are active in models in which the threat can be avoided passively. Although panic attacks
may resemble flight behavior (and thus depend on neural circuitry engaged in flight reac-
tions), other anxiety disorders do not engage these systems (located in a hierarchical
defence system involving periaqueductal gray, medial hypothalamus, amygdala, and
cingulate cortex [10]).

Central to Gray’s account of the neural mechanisms serving anxiety is the concept of a
“behavioral inhibition system.” This system analyzes environmental events that are
innately fearful or novel (and thus potentially dangerous), or that have been learned to
predict punishment or nonreward. In response to such events, the system induces
increases in arousal and attention, and inhibits ongoing behavior, the cardinal features of
anxiety states. The key anatomical element of the behavioral inhibition system is the
septo-hippocampal system. Anxiolytic drugs affect the function of the septo-hippocampal
system by reducing activity in noradrenergic and serotonergic inputs to the system. Since
the monoamine neurons are activated by inputs from largely glutamatergic afferents (95),
these synapses are potential targets for glutamatergic antagonists to reduce activity in these
systems. Additionally, however, signaling within the hippocampal system is also dependent
upon glutamate, and antagonists acting at intrahippocampal circuits can also be expected
to degrade hippocampal information processing.
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In keeping with these ideas, intrahippocampal injection of the competitive antagonist
AP7 increased open-arm exploration in the plus-maze in rats previously exposed to
restraint stress (96). It should be noted, however, that similar anxiolytic effects were not
seen in unstressed animals.

Despite the clear implications of these notions for a potential anxiolytic effect of glutamate
receptor antagonists infused locally into the relevant brain areas, no work appears to have
been carried out attempting to induce anxiolytic effects through modulation of activity in
raphe or coeruleus neurons by administering glutamate receptor antagonists into these areas.

3. BEHAVIORAL PHARMACOLOGY OF GLUTAMATE
3.1. NMDA Receptor Modulation as Potential Treatment of Anxiety

A potential effectiveness of NMDA antagonists as anxiolytic agents was suggested inde-
pendently by Stephens (97), and by Bennett (98) from their effects in animal models. Since
these early findings, evidence has accumulated that agents acting at several sites on the
NMDA receptor complex are effective in animal models of anxiety. Thus, competitive
NMDA antagonists, high-affinity open-channel blockers, glycine site antagonists, and
polyamine site antagonists have all been reported to exhibit anxiolytic activity in both pun-
ishment and nonpunishment models of anxiety in rodents. The most consistent effects have
been observed with competitive NMDA antagonists, though until recently, glycine and
polyamine site antagonists had received little research attention. Although the majority of
these studies were performed in rodents, a few experiments have examined the anxiolytic
effects of NMDA modulation in primates (e.g., see ref. 99). This earlier work has been
extensively reviewed and will not be dealt with here. It is important to note, however, that
whereas at least competitive antagonists appear to exert consistent effects in standard animal
tests predictive of anxiolytic activity, all the antagonists are also active in tests predictive of
side effects such as sedation, muscle relaxation, and cognitive dysfunction leading to mem-
ory impairments. For this reason, emphasis in the majority of recent studies has been on tests
of glycine site antagonists, which have been suggested to have fewer problematic side
effects than high-affinity open-channel blockers or competitive antagonists.

Nevertheless, results with glycine site ligands have been mixed, regarding both this
anxiolytic activity and lack of side effects. For example, 1-aminocarboxycyclopropane
(ACPC), a partial agonist at strychnine-insensitive glycine sites, was inactive in the ele-
vated plus-maze model in rats (/00), though it did exhibit anxiolytic activity in the Vogel
conflict model in rats (/01). In contrast, positive findings were obtained for the racemate
and for the active isomer of HA-966 [(x)HA-966 and (+)HA-966, respectively], each of
which produced modest anxiolytic effects in the elevated plus-maze (100,102). When
tested at sufficiently high doses, D-cycloserine also gave rise to anxiolytic-like effects
in elevated plus-maze and conflict models in rats (/00,103). The anticonflict effect of
D-cycloserine was blocked by coadministration of NMDA, but not glycine, suggesting
that the effect may not have been mediated through glycine receptor sites (/03). At lower
doses, D-cycloserine was not active in the elevated plus-maze, but it did block the anxiolytic
activity of ethanol in this procedure (/02). In contrast to the positive findings with D-
cycloserine, negative findings were reported for several glycine site antagonists, including
ACEA 1011, ACEA 1021, MRZ 2/570, MRZ 2/571, and MRZ 2/576, and the glycine
prodrug milacemide when tested in conflict models in rats (/00,104). The MRZ-type
glycine-B full antagonists were also not active in the elevated plus-maze in rats (/00).
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Another compound, MDL 105,519, has been reported to produce decreases in separa-
tion-induced vocalizations in rat pups (/05), suggesting anxiolytic potential. These
effects, however, were accompanied by muscle relaxant activity, suggesting that the
compound was not anxioselective. Another compound, L-701,324, produced dose-depen-
dent anxiolytic effects in the elevated plus-maze in rats and mice without changes in
overall activity (100,106,107), but the magnitude of the effect was slightly less than that
of diazepam (/08). In mice, the anxiolytic effect of L-701,324 in the elevated plus-maze
was reversed by administration of glycine (/07), consistent with its proposed glycine site
of action. In rats tested in the Vogel conflict model, the effects of L-701,324 were less
positive: in one study, it produced a modest anticonflict effect (/08); in another study, it
did not produce an anxiolytic effect (/00).

Further, there is no relationship between intrinsic activity at strychnine-insensitive
glycine receptors (as measured by a patch-clamp technique) and efficacy in an anxiolytic
procedure (/00). Although such attempts at correlation of potencies ignore the contribu-
tion that pharmacokinetic factors may make to the in vivo efficacy of drugs, they may
suggest that the anxiolytic effects of these drugs may not be mediated through interaction
with the population of glycine-B receptors measured in this study.

As with other subclasses of NMDA antagonists, the inconsistent nature of the anxi-
olytic effects of glycine site-selective modulators across procedures and labs contrasts
sharply with the robust and reliable effects of benzodiazepines. At least two explanations
of this contrast are possible: (1) these models were developed to detect benzodiazepine
effects and may not be as sensitive for detection of anxiolytic effects of nonbenzodi-
azepines or (2) the anxiolytic effects of NMDA antagonists may not be as robust as those
of the benzodiazepines.

3.1.1. Where in the Brain Do NMDA Antagonists Exert Their “Anxiolytic” Effects?

A number of recent studies have used central, site-directed injection of NMDA antag-
onists in an effort to determine the brain area(s) in which the anxiolytic effects of these
drugs are mediated. Brain areas that have received attention in recent research are the
hippocampus, the amygdala, periaqueductal gray, and the ventral tegmental area. The
anxiolytic effects of the glycine site partial agonist ACPC produced anticonflict effects
when injected ip and intrahippocampally whereas the competitive NMDA antagonist
CGP 37,849 was active in the conflict test only when injected ip (/01). Curiously, the
anxiolytic effects of both of these compounds was blocked by pretreatment with the ben-
zodiazepine antagonist, flumazenil. Why blockade of the benzodiazepine-binding site of
GABA , receptors should influence the action of NMDA antagonists is unclear, but there
may be an interaction of glutamate and GABA systems in mediation of the anxiolytic
effects of these NMDA antagonists (/09). Similarly, intrahippocampal injection of the
competitive antagonist AP7 showed no anxiolytic effect in the elevated plus-maze in
nonstressed rats; however, in stressed rats, intrahippocampal injection of AP7 was anxi-
olytic (110). These results suggest that site selectivity within the NMDA receptor complex,
as well as stress, affect neural mediation of the anxiolytic effects of NMDA antagonists
in the hippocampus. The periaqueductal gray also appears to be important in mediation
of the anxiolytic effects of some NMDA antagonists. In previous studies, Guimaraes and
colleagues (90,91) showed that injections of NMDA antagonists into the periaqueductal
gray produced anxiolytic effects in the elevated plus-maze. In their more recent study,
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they report that injection of a nonselective glutamate antagonist, glutamic acid
diethylester, that blocks both NMDA and AMPA/kainate receptors, also has anxiolytic
effects in this model (917). Similarly, injection of the glycine antagonist 7-
chlorokynurenic into the dorsal periaqueductal gray blocked the anxiogenic effects of
penetylenetetrazol in the elevated plus-maze (94). Another glycine-site antagonist/partial
agonist, R(+)HA-966, blocked the acquisition and expression of conditioned fear-
induced immobility when injected into the ventral tegmental area, but not when injected
into the mesoprefrontal area (//17). In addition, the extinction of conditioned fear was
blocked by an intra-amygdala injection of the competitive NMDA antagonist, AP5 (112)
whereas intra-amygdala injection of MK-801 did not block acquisition of an anxiogenic
effect caused by exposure to a stressor (46). In summary, then, the anxiolytic effects of
NMDA antagonists may be mediated in different brain areas depending on the site within
the receptor complex at which the specific compound acts. Further, the results of brain
site injection studies suggest the possibility of differential distribution of heterogeneous
NMDA receptor subunits comprising the binding sites.

As suggested above, stress may modulate the anxiolytic effects of NMDA antagonists. A
related and developing area of interest is the evaluation of anxiolytic effects of NMDA
antagonists in compromised animals. In a study examining the anticonvulsant effects of
NMDA antagonists, Loscher and his colleagues have shown that the effects of competitive
and phencyclidine (PCP)-like antagonists on motor behavior are similar in amygdala-
kindled rats whereas the effects of these compounds differ in uncompromised rats (//3).
These results suggest that there may be some fundamental differences in the brains of
epileptic rats that change their response to NMDA antagonists. Since anxiety disorders may
also involve temporary or permanent changes in brain function (//4), it is possible that the
effects of NMDA-based anxiolytic agents may also differ in anxious vs nonanxious rats.
Several recent studies have investigated this possibility by examining the anxiolytic effects
of NMDA antagonists in animals that had been exposed to a stressor or that were undergo-
ing ethanol withdrawal. Adamec and colleagues have developed a preclinical model that
they suggest to have features of PTSD, in which long-lasting anxiogenic-like effects in an
elevated plus-maze are engendered in rodents following a single exposure to a cat (/15).
More recently, they have shown that MK-801 and the competitive NMDA antagonists,
AP7 and CPP, block the acquisition of this anxiety-like response to a stressor, but have no
effect on expression of the response if administered soon after predator exposure (/16).
When administered a short time before testing in the elevated plus-maze, however, MK-
801 (but not the competitive NMDA antagonists) still maintained an anxiolytic effect in
these stressed rats. Similarly, intrahippocampal injection of AP7 produced anxiolytic
effects in the elevated plus-maze in rats exposed to restraint stress, but not in nonstressed
rats (96). Anxiolytic effects in the elevated plus-maze were also observed following sys-
temic injection of AP7 or CGP 37,849 (another competitive NMDA antagonist) in rats
stressed by withdrawal from ethanol following induction of dependence (//7). Interest-
ingly, MK-801 was only marginally effective and HA-966 was ineffective in attenuation of
the anxiogenic effects of ethanol withdrawal, suggesting that the source or cause of “anxiety”
is important in determination of anxiolytic efficacy of site-selective NMDA antagonists.
Further, the results of the few studies in this area suggest that NMDA antagonists may be
differentially effective in the treatment of different types of anxiety disorders or conditions
(e.g., generalized anxiety vs PTSD vs ethanol withdrawal).
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A final study that should be mentioned used a traditional method of evaluating anxiol-
ysis (i.e., elevated plus-maze), but effected NMDA receptor modulation via a novel
method (//8). In this study, phosphodiester antisense oligodeoxynucleotide administra-
tion was used to reduce synthesis of the NMDA-NRI1 subunit. Mice treated with anti-
sense spent more time in the open arms of an elevated plus-maze whereas mice treated
with vehicle or with the corresponding sense nucleotide did not show this anxiolytic
effect. These results suggest that the NMDA-R1 subunit may be important in mediation
of the anxiolytic effects of NMDA antagonists, though changes in trafficking of other
subunits following disruption of NR1 should also be considered.

3.2. Non-NMDA Receptor Modulation as Potential Treatment of Anxiety

Evidence for the usefulness of non-NMDA receptor antagonists for the treatment of
anxiety disorders is considerably weaker than that for NMDA receptor antagonists. To a
great extent this reflects the poor availability of drugs that have selective actions at
AMPA and kainate receptors and that show good brain penetration and useful pharma-
cokinetic properties in rodents. Additionally, AMPA receptors are so universally
involved in fast transmission throughout the CNS that only a narrow window is available
at which selective anxiolytic effects of antagonists might be observed without concurrent
disruption of behavior through their sedative and muscle relaxant actions. Nevertheless,
positive effects of AMPA antagonists have been described in animal models predictive of
anxiolytic action in the clinic.

NBQX is a quinoxalinedione derivative that has little affinity for NMDA receptor
sites, but that acts as a mixed AMPA/kainate receptor antagonist. In the four-plate test in
mice, NBQX enhanced punished activity at a dose of 0.033 mmol/kg, but higher doses
could not be effectively tested since they depressed locomotor activity (//9). An agonist
at kainate receptors containing the GIluRS5 subunit, ATPA, had clear anxiogenic-like
effects in this test, decreasing punished locomotor activity at a dose (0.002 mmol/kg) that
had no effect on spontaneous locomotor activity in unpunished mice. These observations
suggest that kainate receptors may be involved in signaling information regarding pun-
ishment, consistent with the role for amygdala kainate receptors in anxiety postulated by
Lietal. (41). Alternatively, NBQX may have exerted its effect through AMPA receptors.
A similar problem of interpretation of the relative roles of AMPA and kainate receptors in
mediating anxiolytic effects is provided by LY326325. This mixed AMPA/kainate antag-
onist induced a dose-dependent increase in a punished drinking test, without concomitant
effects on unpunished drinking (/06). These effects occurred over a dose range
(2.5-5mg/kg, ip) that did not influence locomotor activity. In the plus-maze assay, how-
ever, LY326325 (0.5-5 mg/kg) did not alter the percentage of entries into the open arms,
though one dose (1 mg/kg) gave rise to a small, though significant increase in the time
spent on the open arm. These observations stand in contrast to a previous report from the
same group (/20) in which LY326325 induced a dose-dependent decrease in time spent
in the open arms, as well as the percentage entries into the open arms. In this study
NBQX also caused a dose-dependent reduction in the time spent in the open arms. The
authors conclude that AMPA receptor antagonists may give rise to anxiogenic-like
behavior in the plus-maze, but the lack of consistency across test situations and the sus-
ceptibility of the plus-maze as a model of anxiety to interference from locomotor effects
of drugs (/21) cast doubt on this interpretation. NBQX has also been reported to possess
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only limited ability to antagonize the discriminative stimulus provided by the GABA ,
channel blocker, pentylenetetazole (/22), which has been argued to be based on the anx-
iogenic properties of pentylenetetrazole (/23).

In an extensive study of three quinoxalinedione competitive antagonists of
AMPA/kainate receptors (CNQX, DNQX, and NBQX) and a noncompetitive AMPA
receptor antagonist (GYKI 52466) in the Vogel test of punished drinking, none of these
drugs, tested up to dose ranges that reduced exploratory activity in the rat, were found to
increase punished drinking, allowing the authors to conclude that AMPA/kainate recep-
tors probably are not directly involved in the control of rat emotional behavior (/24).
However, administration of the agonist, S-AMPA, intracerebroventricularly at a dose of 2
ng/5 uL, significantly enhanced the ability of electric shock to suppress drinking in
thirsty rats. Interpretation of this observation in terms of an anxiogenic effect of the ago-
nist is complicated, however, by observations that the same dose decreased activity, and
even gave rise to “prodromal” symptoms of epileptic activity in some animals. Lastly,
given the theoretical importance of behavioral inhibition in the action of anxiolytic drugs
(10), it is of interest that NBQX at a very low dose (10—1000 ng/rat) increased premature
responding in a two-lever choice reaction time task, without altering response speed or
accuracy (125). Nevertheless, in another model of behavioral inhibition, differential rein-
forcement of low response rates, Stephens and Cole (/26) found no effects of NBQX.

The ability of AMPA/kainate antagonists to exert anxiolytic-like effects in animal models
is thus unreliable. This is surprising given the inevitable importance of these receptors in
mediating neurotransmission in CNS circuits involved in processing emotional informa-
tion, and the quite specific role for glutamatergic fast transmission envisaged in neuronal
circuitry accounts of conditioned fear and anxiety outlined in Subheading 2. It seems
likely that failure to find anxiolytic-like actions may be accounted for by the nonselective
behavioral effects of these drugs, so that behavioral disruption masks their anxiolytic-like
effects in many behavioral assays. A possible way of avoiding such nonspecific effects is
to administer the drug centrally into areas of the brain accredited with a specific role in
anxiety. Few attempts have been made at this kind of experiment, possibly because of the
low solubility of the quinoxalinedione compounds at physiological pH values. However,
bilateral infusions of CNQX (0.5 ug) into amygdala-impaired performance of a previ-
ously acquired passive-avoidance task, as well as decreasing reactivity to footshock,
blocking footshock-induced decreases in locomotor activity, and increasing open-arm
activity in the plus-maze, to a similar extent to midazolam (/27). These observations are
consistent with an anxiolytic action of CNQX, though it should be noted that this drug
possesses significant affinity for the glycine-B site of NMDA receptors, at which it acts as
an antagonist (/28). Because specific glycine-B receptor antagonists also possess anxiolytic-
like properties (106); see previous discussion), and other behavioral effects of CNQX are
attributable to an action at this site (/29), it is possible that the anxiolytic effects (/127)
are also mediated by CNQX’s action at NMDA receptors.

4. METABOTROPIC GLUTAMATE RECEPTORS

In addition to its effects at ionotropic receptors, glutamate acts at a family of G pro-
tein-coupled metabotropic receptors (130), classified into three subgroups (see also Part II).
To date eight metabotropic receptors and multiple splice variants have been cloned group I
receptors (mGIuR1 and mGluRY) increase phospholipase C activity and phosphoinositol
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hydrolysis, are located postsynaptically, and modulate ion channel activity. In contrast,
group II receptors (mGIluR2 and mGluR3) and group III receptors (mGluR4, 6, 7 and 8)
inhibit adenylyl cyclase activity and, with the exception of GIuR6, are located presynap-
tically where they regulate release of glutamate and other transmitters (refs. /37, and
132); but see ref. 133 for discussion of postsynaptic distribution of group II receptors). In
principle, such receptors may act to facilitate GABAergic or inhibit glutamatergic mech-
anisms, and might for that reason be expected to possess anxiolytic properties. There is
increasing evidence that compounds acting at metabotropic receptors possess anxiolytic-
like properties in animal models.

4.1. Group I Metabotropic Receptors (mGluR1 and mGIuR5)

Systemic administration of the mGluRS antagonist, MPEP, gives rise to anxiolytic-
like effects in a number of spontaneous models including social interaction, elevated
plus-maze, shock-probe, and marble-burying tests, and conditioned models such as the
Geller—Seifert conflict test, Vogel punished drinking procedure, and four-plate test
(134—137). However, in a parametric comparison with the standard benzodiazepine anx-
iolytic, diazepam, MPEP was not as effective in increasing punished responding in a
modified Geller—Seifter conflict test (/37). These anxiolytic-like effects of MPEP may be
mediated by mGIluRS receptors in hippocampus since administration of (S)-4-carboxy-3-
hydroxyphenylglycine (S-4C3HPG), a mixed group I antagonist and group II agonist,
(138), or of the more selective group I competitive antagonist (S)-4CPG and noncompet-
itive antagonist, CPCCOE?t (/39), into this region, gives rise to anxiolytic-like effects.
group I antagonists blocked memory consolidation of contextual conditioning (/40),
which is hippocampus-dependent, and fear conditioning leads to a transient upregulation
of mGluRS5 receptors in hippocampus (/41).

However, there is also accumulating evidence that mGluRS5 receptors in the amygdala
may play a role in fear conditioning (/42) because MPEP blocked the expression of fear-
potentiated startle when a discrete light cue, previously paired with shock, was used as
the fear stimulus. Such potentiation by discrete cues is thought to be processed by amyg-
dala mechanisms (6). Bilateral infusion of MPEP into the lateral amygdala prevented the
acquisition of conditioned fear assessed as fear-potentiated startle, but had no effect
when administered immediately after training (to assess consolidation), or immediately
before the test (to assess effects on expression of conditioned fear) (/43). These behav-
ioral effects were paralleled in studies of LTP, in which MPEP blocked induction, but had
no effects when administered following induction of LTP. Interestingly, it has been
known for some time that administration of a mGIuR agonist, trans-1-amino-cyclopentane-
1,3-dicarboxylate, into amygdala facilitates potentiates auditory startle (/44).

Thus, mGluRS receptors in the lateral amygdala appear to play a role in the early
stages of synaptic plasticity underlying fear conditioning, but apparently do not con-
tribute to expression of that conditioned fear. Clearly, these processes cannot be involved
in putative anxiolytic effects of mGluR5 antagonists.

Perhaps these effects of group I antagonist reflect their ability to prevent glutamate-
induced excitation through group I receptors (/31).

4.2. Group II/III Metabotropic Receptors

Administration of LY354740, an agonist of mGlurRII receptors, has been reported to
possess anxiolytic-like effects in a range of standard tests using both spontaneous and
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conditioned behaviors (/45,146). These effects may represent an action of LY354740 at
hippocampal receptors, because administration of both this compound and another group II
agonist, L-CCG-I, into the CA1 region of dorsal hippocampus of rats, increased pun-
ished licking in the Vogel test (139). Nevertheless, Moore and colleagues (/47) found no
ability of LY354740 to increase punished responding in a conflict test, at doses that
reduced responding during the nonpunished component; the same doses increased
responding during a time-out component, reduced the number of reinforcers obtained on
a DRL schedule, and shifted responding on an FI60-sec schedule toward the early part of
the interval. These results are more consistent with effects of LY354740 on rates of
responding, enhancing low rates while decreasing high rates, than with specific effects
on punished behavior.

Group II receptors in the amygdala have also been implicated in fear responses and
fear conditioning. LY354740 infused into the BLA disrupted the ability of a tone, previ-
ously conditioned to footshock, to potentiate a startle response (/48), an effect that could
be antagonized with the group II antagonist, LY341495.

The ability of agonists at group II receptors to induce anxiolytic-like effects may
reflect their ability to reduce glutamate release in several brain areas via activation of
presynaptic receptors (/49), though they also act to hyperpolarize basolateral amygdala
neurons (/50), and play a role in long-term depression of synaptic transmission in
amygdala circuits (15/-153).

5. CLINICAL EVIDENCE

The slow progress in the clinical development of glutamate antagonists means that
there is little evidence available from patients that can be used to test the predictions
that antagonists should have clinically effective anxiolytic properties. Nevertheless,
there are limited relevant data available from the use of ketamine during anaesthesia
for surgery or for epidural catheter placements, where anxiety may be significant.
Intravenous administration of 5 mg of ketamine given 5-10 min before epidural
catheter placement significantly decreased anxiety as assessed using a visual ana-
logue scale (154), or when given orally to children, at a dose of 12.5 mg/kg prior to
oral surgery (155). A recent pilot study with PTSD patients also suggests that the glycine
site partial agonist agonist, D-cycloserine, may improve anxiety, avoidance behavior,
and numbing (156).

6. CONCLUSIONS

Glutamatergic systems play essential roles in the signaling of emotions and in learning
about environmental cues informing about threatening situations. In keeping with this
functional role for glutamate, animal experimental evidence suggests a potential utility
of both NMDA and non-NMDA receptor antagonists for the treatment of forms of anxi-
ety. Despite the clear evidence from behavioral neuroscience of a potential utility of such
compounds, little evidence of relevance is available from the clinic. It is less clear whether
such treatments will have advantages over current therapies.

ACKNOWLEDGMENTS

Preparation of this chapter was supported by UK Medical Research Council grant
G9806260 and Biotechnology and Biological Sciences Research Council grant S14554.



282 Stephens

REFERENCES

1. Lepine JP. The epidemiology of anxiety disorders: prevalence and societal costs. J Clin
Psychiatry 2002; 63 (Suppl 14):4-8.

2. Leon AC, Olfson M, Broadhead WE, et al. Prevalence of mental disorders in primary care.
Implications for screening. Arch Fam Med 1995; 4:857-861.

3. American Psychiatric Association. Diagnostic and statistical manual of mental disorders.
Washington, DC: American Psychiatric Association, 1994.

4. Roth M. Anxiety and anxiety disorders— general overview. In: Roth M, Noyes R Jr., GD,
Burrows eds. Handbook of Anxiety. Vol. 1. Amsterdam: Elsevier, 1988:1-45.

5. Davis M. The role of the amygdala in conditioned and unconditioned fear and anxiety.
In: Aggleton JP, ed. The Amygdala. New York: Oxford University Press, 2000:213-288.

6. Fendt M, Fanselow MS. The neuroanatomical and neurochemical basis of conditioned fear.
Neurosci Biobehav Rev 1999; 23:743-760.

7. Killcross S, Robbins TW, Everitt BJ. Different types of fear-conditioned behaviour medi-
ated by separate nuclei within amygdala. Nature 1997; 388:377-380.

8. LeDoux J. The amygdala and emotion: a view through fear. In: Aggleton JP, ed. The Amyg-
dala. New York: Oxford University Press, 2000:289-310.

9. Gray JA. The Neuropsychology of Anxiety: An Enquiry into the Functions of the Septo-
Hippocampal System. Oxford: Oxford University Press, 1982.

10. Gray JA, McNaughton N. The Neuropsychology of Anxiety. Oxford: Oxford University
Press, 2000.

11. Graeff FG. Neurotransmitters in the dorsal periaqueductal gray and animal models of panic
anxiety. In: Briley M, File SE, eds. New Concepts in Anxiety. London: Macmillan Press,
1991:288-312.

12. Davidson RJ, Abercrombie H, Nitschke JB, Putnam K. Regional brain function, emotion
and disorders of emotion. Curr Opin Neurobiol 1999; 9:228-234.

13. Reiman EM, Raichle ME, Robins E, et al. Neuroanatomical correlates of a lactate-induced
anxiety attack. Arch Gen Psychiatry 1989; 46:493-500.

14. Reiman EM, Fusselman MJ, Fox PT, Raichle ME. Neuroanatomical correlates of anticipa-
tory anxiety. Science 1989; 243:1071-1074.

15. Rauch SL, Shin LM. Functional neuroimaging studies in posttraumatic stress disorder. Ann
NY Acad Sci 1997; 821:83-98.

16. Rauch SL, Whalen PJ, Shin LM, et al. Exaggerated amygdala response to masked facial
stimuli in posttraumatic stress disorder: a functional MRI study. Biol Psychiatry 2000;
47:769-T776.

17. Shin LM, Kosslyn SM, McNally RJ, et al. Visual imagery and perception in posttraumatic
stress disorder. A positron emission tomographic investigation. Arch Gen Psychiatry 1997;
54:233-241.

18. Schneider F, Weiss U, Kessler C, et al. Subcortical correlates of differential classical condi-
tioning of aversive emotional reactions in social phobia. Biol Psychiatry 1999; 45:863—-871.

19. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci 2000; 23:155-184.

20. Killcross S. The neural substrates of anxiety. In: Ron MA, Robbins TW, eds. Disorders of
Mind and Brain 2. Cambridge, UK: Cambridge University Press, 2003:308-337.

21. Farb CR, Ledoux JE. Afferents from rat temporal cortex synapse on lateral amygdala neurons
that express NMDA and AMPA receptors. Synapse 1999; 33:218-229.

22. LeDoux JE, Cicchetti P, Xagoraris A, Romanski LM. The lateral amygdaloid nucleus: sensory
interface of the amygdala in fear conditioning. J Neurosci 1990; 10:1062—1069.

23. Bernard JF, Besson JM. The spino(trigemino)pontoamygdaloid pathway: electrophysiological
evidence for an involvement in pain processes. J Neurophysiol 1990; 63:473-490.

24. Burstein R, Potrebic S. Retrograde labeling of neurons in the spinal cord that project
directly to the amygdala or the orbital cortex in the rat. ] Comp Neurol 1993; 335:469-485.



Glutamate and Anxiety 283

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Romanski LM, Clugnet MC, Bordi F, LeDoux JE. Somatosensory and auditory convergence
in the lateral nucleus of the amygdala. Behav Neurosci 1993; 107:444—450.

LeDoux J. Fear and the brain: where have we been, and where are we going? Biol Psychiatry
1998; 44:1229-1238.

Van de Kar LD, Piechowski RA, Rittenhouse PA, Gray TS. Amygdaloid lesions: differential
effect on conditioned stress and immobiliization-induced increases in corticosterone and
renin secretion. Neuroendocrinology 1991; 15:89-95.

Kirkwood A, Dudek SM, Gold JT, Aizenman CD, Bear MF. Common forms of synaptic
plasticity in the hippocampus and neocortex in vitro. Science 1993; 260:1518-1521.
Malenka RC. Synaptic plasticity in the hippocampus: LTP and LTD. Cell 1994; 78:535-538.
McKernan MG, Shinnick-Gallagher P. Fear conditioning induces a lasting potentiation of
synaptic currents in vitro. Nature 1997; 390:607-611.

Rogan MT, LeDoux JE. LTP is accompanied by commensurate enhancement of auditory-
evoked responses in a fear conditioning circuit. Neuron 1995; 15:127-136.

Rogan MT, Staubli UV, LeDoux JE. Fear conditioning induces associative long-term poten-
tiation in the amygdala. Nature 1997; 390:604—607.

Bauer EP, LeDoux JE, Nader K. Fear conditioning and LTP in the lateral amygdala are
sensitive to the same stimulus contingencies. Nat Neurosci 2001; 4:687—-688.

Huang Y'Y, Kandel ER. Postsynaptic induction and PKA-dependent expression of LTP in
the lateral amygdala. Neuron 1998; 21:169-178.

Aroniadou-Anderjaska V, Post RM, Rogawski MA, Li H. Input-specific LTP and depotenti-
ation in the basolateral amygdala. Neuroreport 2001; 12:635-640.

Gean PW, Chang FC, Huang CC, Lin JH, Way LJ. Long-term enhancement of EPSP and
NMDA receptor-mediated synaptic transmission in the amygdala. Brain Res Bull 1993;
31:7-11.

Shindou T, Watanabe S, Yamamoto K, Nakanishi H. NMDA receptor-dependent formation
of long-term potentiation in the rat medial amygdala neuron in an in vitro slice preparation.
Brain Res Bull 1993; 31:667-672.

Chapman PF, Bellavance LL. Induction of long-term potentiation in the basolateral amyg-
dala does not depend on NMDA receptor activation. Synapse 1992; 11:310-318.
Weisskopf MG, Bauer EP, LeDoux JE. L-type voltage-gated calcium channels mediate
NMDA-independent associative long-term potentiation at thalamic input synapses to the
amygdala. J Neurosci 1999; 19:10512-10519.

Chapman PF. The diversity of synaptic plasticity. Nat Neurosci 2001; 4:556-558.

Li H, Chen A, Xing G, Wei ML, Rogawski MA. Kainate receptor—mediated heterosynaptic
facilitation in the amygdala. Nat Neurosci 2001; 4:612-620.

Gewirtz JC, Davis M. Second-order fear conditioning prevented by blocking NMDA recep-
tors in amygdala. Nature 1997; 388:471-474.

Miserendino MJ, Sananes CB, Melia KR, Davis M. Blocking of acquisition but not expres-
sion of conditioned fear-potentiated startle by NMDA antagonists in the amygdala. Nature
1990; 345:716-718.

Lee H, Kim JJ. Amygdalar NMDA receptors are critical for new fear learning in previously
fear-conditioned rats. J Neurosci 1998; 18:8444—-8454.

Maren S, Aharonov G, Stote DL, Fanselow MS. N-methyl-D-aspartate receptors in the baso-
lateral amygdala are required for both acquisition and expression of conditional fear in rats.
Behav Neurosci 1996; 110:1365-1374.

Adamec RE, Burton P, Shallow T, Budgell J. Unilateral block of NMDA receptors in the
amygdala prevents predator stress-induced lasting increases in anxiety-like behavior and
unconditioned startle—effective hemisphere depends on the behavior. Physiol Behav 1999;
65:739-751.

Sajdyk TJ, Shekhar A. Excitatory amino acid receptors in the basolateral amygdala regulate
anxiety responses in the social interaction test. Brain Res 1997; 764:262-264.



284

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Stephens

Kim M, Campeau S, Falls WA, Davis M. Infusion of the non-NMDA receptor antagonist
CNQX into the amygdala blocks the expression of fear-potentiated startle. Behav Neural
Biol 1993; 59:5-8.

Walker DL, Cassella JV, Lee Y, De Lima TC, Davis M. Opposing roles of the amygdala and
dorsolateral periaqueductal gray in fear-potentiated startle. Neurosci Biobehav Rev 1997,
21:743-753.

Cardinal RN, Parkinson JA, Hall J, Everitt BJ. Emotion and motivation: the role of the
amygdala, ventral striatum, and prefrontal cortex. Neurosci Biobehav Rev 2002;
26:321-352.

Baxter MG, Murray EA. The amygdala and reward. Nat Rev Neurosci 2002; 3:563-573.
Cador M, Robbins TW, Everitt BJ. Involvement of the amygdala in stimulus—reward associ-
ations: interaction with the ventral striatum. Neuroscience 1989; 30:77-86.

Everitt BJ, Cador M, Robbins TW. Interactions between the amygdala and ventral striatum
in stimulus—reward associations: studies using a second-order schedule of sexual reinforce-
ment. Neuroscience 1989; 30:63-75.

Setlow B, Gallagher M, Holland PC. The basolateral complex of the amygdala is necessary
for acquisition but not expression of CS motivational value in appetitive Pavlovian second-
order conditioning. Eur J Neurosci 2002; 15:1841-1853.

Gean PW, Chang FC. Pharmacological characterization of excitatory synaptic potentials in
rat basolateral amygdaloid neurons. Synapse 1992; 11:1-9.

Rainnie DG, Asprodini EK, Shinnick-Gallagher P. Excitatory transmission in the basolateral
amygdala. J Neurophysiol 1991; 66:986-998.

McDonald AJ. Projection neurons of the basolateral amygdala: a correlative Golgi and
retrograde tract tracing study. Brain Res Bull 1992; 28:179-185.

Petersen EN, Braestrup C, Scheel-Kruger J. Evidence that the anticonflict effect of midazo-
lam in amygdala is mediated by the specific benzodiazepine receptors. Neurosci Lett 1985;
53:285-288.

McDonald Al. Localization of AMPA glutamate receptor subunits in subpopulations of
non-pyramidal neurons in the rat basolateral amygdala. Neurosci Lett 1996; 208:175-178.
McDonald AJ. Neuronal localization of glutamate receptor subunits in the basolateral
amygdala. Neuroreport 1994; 6:13-16.

He Y, Janssen WG, Morrison JH. Differential synaptic distribution of the AMPA-GIuR2
subunit on GABAergic and non-GABAergic neurons in the basolateral amygdala. Brain
Res 1999; 827:51-62.

Mahanty NK, Sah P. Calcium-permeable AMPA receptors mediate long-term potentiation in
interneurons in the amygdala. Nature 1998; 394:683-687.

Kelley A, Domesick V, Nauta W. The amygdalostriatal projection in the rat—an anatomical
study by anterograde and retrograde tracing methods. Neuroscience 1982; 7:615-630.

Brog JS, Salyapongse A, Deutch AY, Zahm DS. The patterns of afferent innervation of the
core and shell in the “accumbens” part of the rat ventral striatum: immunohistochemical
detection of retrogradely transported fluoro-gold. J Comp Neurol 1993; 338:255-278.
Wright CI, Beijer AV, Groenewegen HJ. Basal amygdaloid complex afferents to the rat
nucleus accumbens are compartmentally organized. J Neurosci 1996; 16:1877-1893.
Stephens DN, Mead AN. What role do GluR1 subunits play in drug abuse? Trends Neurosci
2003; 26:181-182.

Mead AN, Stephens DN. Selective disruption of stimulus—reward learning in glutamate
receptor grial knock-out mice. J Neurosci 2003; 23:1041-1048.

Baxter MG, Parker A, Lindner CC, Izquierdo AD, Murray EA. Control of response selection
by reinforcer value requires interaction of amygdala and orbital prefrontal cortex. J Neurosci
2000; 20:4311-4319.

Gallagher M, McMahan RW, Schoenbaum G. Orbitofrontal cortex and representation of
incentive value in associative learning. J Neurosci 1999; 19:6610-6614.



Glutamate and Anxiety 285

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Bernard V, Somogyi P, Bolam JP. Cellular, subcellular, and subsynaptic distribution of
AMPA-type glutamate receptor subunits in the neostriatum of the rat. J Neurosci 1997;
17:819-833.

Nader K, LeDoux J. The dopaminergic modulation of fear: quinpirole impairs the recall of
emotional memories in rats. Behav Neurosci 1999; 113:152-165.

Nader K, LeDoux JE. Inhibition of the mesoamygdala dopaminergic pathway impairs the
retrieval of conditioned fear associations. Behav Neurosci 1999; 113:891-901.

Greba Q, Kokkinidis L. Peripheral and intraamygdalar administration of the dopamine D1
receptor antagonist SCH 23390 blocks fear-potentiated startle but not shock reactivity or
the shock sensitization of acoustic startle. Behav Neurosci 2000; 114:262-272.

Greba Q, Gifkins A, Kokkinidis L. Inhibition of amygdaloid dopamine D2 receptors impairs
emotional learning measured with fear-potentiated startle. Brain Res 2001; 899:218-226.
Guarraci FA, Frohardt RJ, Falls WA, Kapp BS. The effects of intra-amygdaloid infusions of
a D2 dopamine receptor antagonist on Pavlovian fear conditioning. Behav Neurosci 2000;
114:647-651.

Rosenkranz JA, Grace AA. Mechanisms of pavlovian conditioning. Trends Neurosci 2002;
25:437-438.

Rosenkranz JA, Grace AA. Modulation of basolateral amygdala neuronal firing and afferent
drive by dopamine receptor activation in vivo. J Neurosci 1999; 19:11027-11039.
Stevenson CW, Gratton A. Basolateral amygdala modulation of the nucleus accumbens
dopamine response to stress: role of the medial prefrontal cortex. Eur J Neurosci 2003;
17:1287-1295.

Floresco SB, Blaha CD, Yang CR, Phillips AG. Modulation of hippocampal and amygdalar-
evoked activity of nucleus accumbens neurons by dopamine: cellular mechanisms of input
selection. J Neurosci 2001; 21:2851-2860.

Floresco SB, Blaha CD, Yang CR, Phillips AG. Dopamine D1 and NMDA receptors mediate
potentiation of basolateral amygdala-evoked firing of nucleus accumbens neurons. J Neurosci
2001; 21:6370-6376.

Jackson ME, Moghaddam B. Amygdala regulation of nucleus accumbens dopamine output
is governed by the prefrontal cortex. J Neurosci 2001; 21:676-681.

Kalivas PW, Duffy P. Selective activation of dopamine transmission in the shell of the
nucleus accumbens by stress. Brain Res 1995; 675:325-328.

Saulskaya N, Marsden CA. Extracellular glutamate in the nucleus accumbens during a
conditioned emotional response in the rat. Brain Res 1995; 698:114—120.

Wilkinson LS, Humby T, Killcross AS, Torres EM, Everitt BJ, Robbins TW. Dissociations in
dopamine release in medial prefrontal cortex and ventral striatum during the acquisition and
extinction of classical aversive conditioning in the rat. Eur J Neurosci 1998; 10:1019-1026.
Levita L, Dalley JW, Robbins TW. Nucleus accumbens dopamine and learned fear revis-
ited: a review and some new findings. Behav Brain Res 2002; 137:115-127.

Schwarting R, Carey RJ. Deficits in inhibitory avoidance after neurotoxic lesions of the
ventral striatum are neurochemically and behaviorally selective. Behav Brain Res 1985;
18:279-283.

Inoue T, Tsuchiya K, Koyama T. Effects of typical and atypical antipsychotic drugs on freezing
behavior induced by conditioned fear. Pharmacol Biochem Behav 1996; 55:195-201.

Albin RL, Makowiec RL, Hollingsworth Z, Dure LSt, Penney JB, Young AB. Excitatory amino
acid binding sites in the periaqueductal gray of the rat. Neurosci Lett 1990; 118:112—-115.
Tolle TR, Berthele A, Zieglgansberger W, Seeburg PH, Wisden W. The differential expression
of 16 NMDA and non-NMDA receptor subunits in the rat spinal cord and in periaqueductal
gray. J Neurosci 1993; 13:5009-5028.

Guimaraes FS, Carobrez AP, De Aguiar JC, Graeff FG. Anxiolytic effect in the elevated
plus-maze of the NMDA receptor antagonist AP7 microinjected into the dorsal periaqueductal
gray. Psychopharmacology (Berl) 1991; 103:91-94.



286

91.

92.

93.

94.

95.

96.

917.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Stephens

Matheus MG, Guimaraes FS. Antagonism of non-NMDA receptors in the dorsal periaque-
ductal gray induces anxiolytic effect in the elevated plus maze. Psychopharmacology (Berl)
1997; 132:14-18.

Matheus MG, Nogueira RL, Carobrez AP, Graeff FG, Guimaraes FS. Anxiolytic effect of
glycine antagonists microinjected into the dorsal periaqueductal gray. Psychopharmacology
(Berl) 1994; 113:565-569.

Molchanov ML, Guimaraes FS. Anxiolytic-like effects of AP7 injected into the dorsolateral
or ventrolateral columns of the periaqueductal gray of rats. Psychopharmacology (Berl)
2002; 160:30-38.

De Souza MM, Schenberg LC, de Padua Carobrez A. NMDA-coupled periaqueductal gray
glycine receptors modulate anxioselective drug effects on plus-maze performance. Behav
Brain Res 1998; 90:157-165.

Luque JM, Malherbe P, Richards JG. Localization of NMDA receptor subunit mRNAs in
the rat locus coeruleus. Brain Res Mol Brain Res 1995; 29:224-232.

Padovan CM, Del Bel EA, Guimaraes FS. Behavioral effects in the elevated plus maze of
an NMDA antagonist injected into the dorsal hippocampus: influence of restraint stress.
Pharmacol Biochem Behav 2000; 67:325-330.

Stephens DN, Meldrum BS, Weidmann R, Schneider C, Grutzner M. Does the excitatory
amino acid receptor antagonist 2-APH exhibit anxiolytic activity? Psychopharmacology
(Berl) 1986; 90:166—-169.

Bennett DA, Amrick CL. 2-Amino-7-phosphonoheptanoic acid (AP7) produces discrimina-
tive stimuli and anticonflict effects similar to diazepam. Life Sci 1986; 39:2455-2461.
Mansbach RS, Willetts J, Jortani SA, Balster RL. NMDA antagonists: lack of antipunish-
ment effect in squirrel monkeys. Pharmacol Biochem Behav 1991; 39:977-981.
Karcz-Kubicha M, Jessa M, Nazar M, et al. Anxiolytic activity of glycine-B antagonists and
partial agonists—no relation to intrinsic activity in the patch clamp. Neuropharmacology
1997; 36:1355-1367.

Przegalinski E, Tatarczynska E, Deren-Wesolek A, Chojnacka-Wojcik E. Anticonflict
effects of a competitive NMDA receptor antagonist and a partial agonist at strychnine-
insensitive glycine receptors. Pharmacol Biochem Behav 1996; 54:73-77.

Moraes Ferreira VM, Morato GS. D-cycloserine blocks the effects of ethanol and HA-966
in rats tested in the elevated plus-maze. Alcohol Clin Exp Res 1997; 21:1638—1642.
Klodzinska A, Chojnacka-Wojcik E. Anticonflict effect of the glycineB receptor partial ago-
nist, D-cycloserine, in rats. Pharmacological analysis. Psychopharmacology (Berl) 2000;
152:224-228.

Wiley JL, Compton AD, Holcomb JD, et al. Effects of modulation of NMDA neurotrans-
mission on response rate and duration in a conflict procedure in rats. Neuropharmacology
1998; 37:1527-1534.

Baron BM, Harrison BL, Kehne JH, et al. Pharmacological characterization of MDL
105,519, an NMDA receptor glycine site antagonist. Eur J Pharmacol 1997; 323:
181-192.

Kotlinska J, Liljequist S. The putative AMPA receptor antagonist, LY326325, produces anx-
iolytic- like effects without altering locomotor activity in rats. Pharmacol Biochem Behav
1998; 60:119-124.

Popik P, Wrobel M, Nowak G. Chronic treatment with antidepressants affects glycine/NMDA
receptor function: behavioral evidence. Neuropharmacology 2000; 39:2278-2287.

Kotlinska J, Liljequist S. A characterization of anxiolytic-like actions induced by the
novel NMDA/glycine site antagonist, L.-701,324. Psychopharmacology (Berl) 1998; 135:
175-181.

Przegalinski E, Tatarczynska E, Chojnacka-Wojcik E. The influence of the benzodiazepine
receptor antagonist flumazenil on the anxiolytic-like effects of CGP 37849 and ACPC in
rats. Neuropharmacology 2000; 39:1858—1864.



Glutamate and Anxiety 287

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Padovan CM, Del Bel EA, Guimaraes FS. Behavioral effects in the elevated plus maze of
an NMDA antagonist injected into the dorsal hippocampus: influence of restraint stress.
Pharmacol Biochem Behav 2000; 67:325-330.

Morrow BA, Elsworth JD, Zito C, Roth RH. Biochemical and behavioral anxiolytic-like
effects of R(+)HA-966 at the level of the ventral tegmental area in rats. Psychopharmacology
(Berl) 1999; 143:227-234.

Falls WA, Miserendino MJ, Davis M. Extinction of fear-potentiated startle: blockade by
infusion of an NMDA antagonist into the amygdala. J Neurosci 1992; 12:854-863.

Wiaz P, Ebert U, Potschka H, Loscher W. Electrical but not chemical kindling increases
sensitivity to some phencyclidine-like behavioral effects induced by the competitive
NMDA receptor antagonist D-CPPene in rats. Eur J Pharmacol 1998; 353:177-189.

Baxter L. Neuroimaging studies of human anxiety disorders. In: Bloom F, Kupfer D, eds. Psy-
chopharmacology: The Fourth Generation of Progress. New York: Raven, 1995:1287-1299.
Adamec RE, Shallow T. Lasting effects on rodent anxiety of a single exposure to a cat.
Physiol Behav 1993; 54:101-109.

Adamec RE, Burton P, Shallow T, Budgell J. NMDA receptors mediate lasting increases in
anxiety-like behavior produced by the stress of predator exposure —implications for anxiety
associated with posttraumatic stress disorder. Physiol Behav 1999; 65:723-737.

Gatch MB, Wallis CJ, Lal H. Effects of NMDA antagonists on ethanol-withdrawal induced
“anxiety” in the elevated plus maze. Alcohol 1999; 19:207-211.

Zapata A, Capdevila JL, Tarrason G, et al. Effects of NMDA-R1 antisense oligodeoxynucleotide
administration: behavioral and radioligand binding studies. Brain Res 1997; 745:114-120.
Turski L, Bressler K, Klockgether T, Stephens DN. Differential effects of the excitatory
amino acid antagonists, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 3-((+-)-2-car-
boxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP), on spinal reflex activity in mice.
Neurosci Lett 1990; 113:66-71.

Karcz-Kubicha M, Liljequist S. Evidence for an anxiogenic action of AMPA receptor antag-
onists in the plus-maze test. Eur J Pharmacol 1995; 279:171-177.

Dawson GR, Tricklebank MD. Use of the elevated plus maze in the search for novel anxi-
olytic agents. Trends Pharmacol Sci 1995; 16:33-36.

Swedberg MD, Jacobsen P, Honore T. Anticonvulsant, anxiolytic and discriminative effects
of the AMPA antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(f)quinoxaline (NBQX).
J Pharmacol Exp Ther 1995; 274:1113-1121.

Emmett-Oglesby MW, Mathis DA, Moon RT, Lal H. Animal models of drug withdrawal
symptoms. Psychopharmacology 1990; 101:292-309.

Czlonkowska A, Siemiatkowski M, Plaznik A. Some behavioral effects of AMPA/kainate
receptor agonist and antagonists. J Physiol Pharmacol 1997; 48:479-488.

Nakamura K, Kurasawa M, Shirane M. Impulsivity and AMPA receptors: aniracetam ame-
liorates impulsive behavior induced by a blockade of AMPA receptors in rats. Brain Res
2000; 862:266-2609.

Stephens DN, Cole BJ. AMPA antagonists differ from NMDA antagonists in their effects on
operant DRL and delayed matching to position tasks. Psychopharmacology (Berl) 1996;
126:249-259.

Mesches MH, Bianchin M, McGaugh JL. The effects of intra-amygdala infusion of the AMPA
receptor antagonist CNQX on retention performance following aversive training. Neurobiol
Learn Mem 1996; 66:324-340.

Sheardown MJ, Nielsen EO, Hansen AJ, Jacobsen P, Honore T. 2,3-Dihydroxy-6-nitro-7-
sulfamoyl-benzo(F)quinoxaline: a neuroprotectant for cerebral ischemia. Science 1990;
247:571-574.

Mead AN, Stephens DN. CNQX but not NBQX prevents expression of amphetamine-
induced place preference conditioning: a role for the glycine site of the NMDA receptor, but
not AMPA receptors. J Pharmacol Exp Ther 1999; 290:9-15.



288

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Stephens

Nakanishi S. Molecular diversity of glutamate receptors and implications for brain function.
Science 1992; 258:597-603.

Conn PJ, Pin JP. Pharmacology and functions of metabotropic glutamate receptors. Annu
Rev Pharmacol Toxicol 1997; 37:205-237.

Alagarsamy S, Sorensen SD, Conn PJ. Coordinate regulation of metabotropic glutamate
receptors. Curr Opin Neurobiol 2001; 11:357-362.

Cho K, Bashir ZI. Cooperation between mglu receptors: a depressing mechanism? Trends
Neurosci 2002; 25:405—-411.

Klodzinska A, Tatarczynska E, Chojnacka-Wojcik E, Pilc A. Anxiolytic-like effects of
group I metabotropic glutamate antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) in
rats. Pol J Pharmacol 2000; 52:463—466.

Spooren WP, Vassout A, Neijt HC, et al. Anxiolytic-like effects of the prototypical
metabotropic glutamate receptor 5 antagonist 2-methyl-6-(phenylethynyl)pyridine in
rodents. J Pharmacol Exp Ther 2000; 295:1267-1275.

Tatarczynska E, Klodzinska A, Chojnacka-Wojcik E, et al. Potential anxiolytic- and antide-
pressant-like effects of MPEP, a potent, selective and systemically active mGlu5 receptor
antagonist. Br J Pharmacol 2001; 132:1423-1430.

Brodkin J, Busse C, Sukoff SJ, Varney MA. Anxiolytic-like activity of the mGluRS5 antago-
nist MPEP a comparison with diazepam and buspirone. Pharmacol Biochem Behav 2002;
73:359-366.

Chojnacka-Wojcik E, Tatarczynska E, Pilc A. The anxiolytic-like effect of metabotropic
glutamate receptor antagonists after intrahippocampal injection in rats. Eur J Pharmacol
1997; 319:153-156.

Tatarczynska E, Klodzinska A, Kroczka B, Chojnacka-Wojcik E, Pilc A. The antianxiety-like
effects of antagonists of group I and agonists of group II and III metabotropic glutamate
receptors after intrahippocampal administration. Psychopharmacology (Berl) 2001; 158:94-99.
Nielsen KS, Macphail EM, Riedel G. Class I mGlu receptor antagonist 1-aminoindan-1,5-
dicarboxylic acid blocks contextual but not cue conditioning in rats. Eur J Pharmacol 1997,
326:105-108.

Riedel G, Casabona G, Platt B, Macphail EM, Nicoletti F. Fear conditioning-induced time-
and subregion-specific increase in expression of mGlu5 receptor protein in rat hippocampus.
Neuropharmacology 2000; 39:1943-1951.

Schulz B, Fendt M, Gasparini F, Lingenhohl K, Kuhn R, Koch M. The metabotropic gluta-
mate receptor antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) blocks fear condi-
tioning in rats. Neuropharmacology 2001; 41:1-7.

Fendt M, Schmid S. Metabotropic glutamate receptors are involved in amygdaloid plastic-
ity. Eur J Neurosci 2002; 15:1535-1541.

Koch M. Microinjections of the metabotropic glutamate receptor agonist, trans-(+/—)-1-
amino-cyclopentane-1,3-dicarboxylate (trans-ACPD) into the amygdala increase the
acoustic startle response of rats. Brain Res 1993; 629:176-179.

Helton DR, Tizzano JP, Monn JA, Schoepp DD, Kallman MJ. Anxiolytic and side-effect
profile of LY354740: a potent, highly selective, orally active agonist for group II
metabotropic glutamate receptors. J Pharmacol Exp Ther 1998; 284:651-660.

Klodzinska A, Chojnacka-Wojcik E, Palucha A, Branski P, Popik P, Pilc A. Potential anti-
anxiety, anti-addictive effects of LY 354740, a selective group II glutamate metabotropic
receptors agonist in animal models. Neuropharmacology 1999; 38:1831-1839.

Moore NA, Rees G, Monn JA. Effects of the group II metabotropic glutamate receptor ago-
nist, L.Y354740 on schedule-controlled behaviour in rats. Behav Pharmacol 1999; 10:
319-325.

Walker DL, Rattiner LM, Davis M. Group II metabotropic glutamate receptors within the
amygdala regulate fear as assessed with potentiated startle in rats. Behav Neurosci 2002;
116:1075-1083.



Glutamate and Anxiety 289

149.

150.

151.

152.

153.

154.

155.

156.

Kilbride J, Huang LQ, Rowan MJ, Anwyl R. Presynaptic inhibitory action of the group II
metabotropic glutamate receptor agonists, LY354740 and DCG-IV. Eur J Pharmacol 1998;
356:149-157.

Rainnie DG, Holmes KH, Shinnick-Gallagher P. Activation of postsynaptic metabotropic
glutamate receptors by trans-ACPD hyperpolarizes neurons of the basolateral amygdala.
J Neurosci 1994; 14:7208-7220.

Heinbockel T, Pape HC. Input-specific long-term depression in the lateral amygdala evoked
by theta frequency stimulation. J Neurosci 2000; 20:RC68.

Li H, Weiss SR, Chuang DM, Post RM, Rogawski MA. Bidirectional synaptic plasticity
in the rat basolateral amygdala: characterization of an activity-dependent switch sensitive
to the presynaptic metabotropic glutamate receptor antagonist 2S-alpha-ethylglutamic
acid. J Neurosci 1998; 18:1662—1670.

Wang SJ, Gean PW. Long-term depression of excitatory synaptic transmission in the rat
amygdala. J Neurosci 1999; 19:10656-10663.

Oda A, Iida H, Dohi S. Patient anxiety scores after low-dose ketamine or fentanyl for epidu-
ral catheter placement. Can J Anaesth 2000; 47:910-913.

Roelofse JA, Joubert JJ, Swart LC, Stander I, Roelofse PG. An evaluation of the effect of
oral ketamine and standard oral premedication in the sedation of paediatric dental patients.
J Dent Assoc S Afr 1996; 51:197-201.

Heresco-Levy U, Kremer I, Javitt DC, et al. Pilot-controlled trial of D-cycloserine for the
treatment of post-traumatic stress disorder. Int J Neuropsychopharmacol 2002; 5:301-307.



	12 Glutamatergic Systems and Anxiety
	1. ANXIETY DISORDERS
	2. NEUROBIOLOGY OF ANXIETY
	2.1. Amygdala and Conditioned Fear
	2.1.1. Intra-Amygdalar Pathways
	2.1.2. Output Pathways
	2.1.3. Learning Mechanisms in the Amygdala
	2.1.4. Glutamatergic Transmission in Amygdala Circuits
	2.1.5. Glutamatergic Pharmacology of Amygdala-Mediated Fear Conditioning
	2.1.6. AWider Role of the Amygdala in Affective Behavior
	2.1.7. AMPAergic Transmission in Basolateral Amygdala
	2.1.8. Dopamine–Glutamate Interactions in Amygdala

	2.2. Output Systems: Fight-and-Flight Systems in the Periaqueductal Gray
	2.3. The Septo-Hippocampal Hypothesis of Gray

	3. BEHAVIORAL PHARMACOLOGY OF GLUTAMATE
	3.1. NMDA Receptor Modulation as Potential Treatment of Anxiety
	3.1.1. Where in the Brain Do NMDA Antagonists Exert Their “Anxiolytic” Effects?

	3.2. Non-NMDA Receptor Modulation as Potential Treatment of Anxiety

	4. METABOTROPIC GLUTAMATE RECEPTORS
	4.1. Group I Metabotropic Receptors (mGluR1 and mGluR5)
	4.2. Group II/III Metabotropic Receptors

	5. CLINICAL EVIDENCE
	6. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES




