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Glutamatergic Pathways

Their Relevance for Psychiatric Diseases

Yoland Smith

1. INTRODUCTION

Glutamate is the main excitatory neurotransmitter in the mammalian central nervous
system (CNS). Its effects are mediated through a large variety of ionotropic and
metabotropic receptors abundantly expressed along the whole extent of the neuraxis.
Abnormal regulation of glutamatergic transmission is, therefore, a key factor that underlies
the appearance and progression of many neurodegenerative and psychiatric diseases.
Unfortunately, the success of therapeutic strategies aimed at modulating glutamatergic
transmission has been variable owing to the widespread distribution of glutamate recep-
tors throughout the brain and the importance of glutamate in normal brain functioning.
Although the importance of glutamatergic transmission in the modulation of neuronal
activity involved in processing limbic and cognitive information has long been established,
the complexity of the neuronal pathways involved combined with the multifarious
effects glutamate could mediate via pre- and postsynaptic interactions with various
receptor subtypes, have led to important controversies regarding the exact role glutamate
plays in psychiatric diseases. However, substantial progress has been made over the past
10 yr in dissecting out the anatomy, physiology, and pharmacology of various neuronal
pathways whereby glutamate could functionally modulate integrative processing of
complex cognitive information. This chapter briefly summarizes some of these observa-
tions and considers their implications in our understanding of the anatomo-patho-physi-
ology of psychiatric diseases, particularly schizophrenia, for which various hypotheses
based on abnormal glutamatergic/dopaminergic transmission have been put forward to
explain the neurochemical dysfunction of this disease (/-15).

This review does not intend to cover the whole literature on the potential implications
of glutamatergic pathways in psychiatric diseases, but will rather focus on recent devel-
opments regarding the anatomy and the potential mechanisms whereby glutamatergic
pathways may interact to modulate neuronal integration in cortical and subcortical brain
regions known to be affected in psychiatric diseases (Fig. 1).
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Fig. 1. Summary diagram and the main subcortical glutamatergic circuitry (black arrows)
involved in the processing of limbic and cognitive information related to psychiatric diseases.
These pathways play important roles in regulating dopaminergic outflow from the ventral
tegmental area (light gray arrows) and y-aminobutyric acid output from the nucleus accumbens
(dashed arrows). Note that many connections have been purposefully omitted from this diagram.

2. DOPAMINERGIC/GLUTAMATERGIC HYPOTHESES
OF PSYCHIATRIC DISORDERS

It has long been thought that schizophrenia and other psychiatric disorders were medi-
ated by direct alterations of dopamine neuronal activity. This long-term belief was based
on two main observations:

1. Drugs that increase dopamine levels in the brain create conditions that resemble those of
schizophrenic psychosis in normals and exacerbate the psychosis problems in schizophrenic
patients.

2. Drugs currently used to treat schizophrenics block dopamine receptors.

Although abnormal dopaminergic transmission remains a key component of the
changes in neural activity that underlie psychiatric disorders (/4), it appears that the main
abnormality of dopamine transmission in schizophrenics is largely mediated by changes
in extrinsic regulatory influences of dopamine release either at the level of the ventral
tegmental area or in the prefrontal cortex and nucleus accumbens (/,3,5,12,14).

There are now various sets of data suggesting that forebrain dopamine systems may
not be the primary site of neuropathology that is schizophrenia. Numerous studies have
found structural and metabolic abnormalities in anterior temporal lobe and prefrontal
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cortices (8,14,16). Therefore, it seems that dopamine transmission is not affected in
schizophrenia owing to a major defect in midbrain dopamine cell functions but rather
results from an abnormal modulation by glutamatergic influences from limbic and pre-
frontal cortical regions (/,3,5,12 and Chapter 7). In addition to the cerebral cortex, other
forebrain structures and pathways that use glutamate as a neurotransmitter have been
considered potential targets of schizophrenia and other psychiatric diseases. These
include the amygdala, hippocampal formation, and mediodorsal thalamic nucleus (6, /4).
Furthermore, the functional interactions between cortical and subcortical glutamatergic
pathways at the level of the nucleus accumbens have received considerable attention
over the past decades in regard to their potential involvement in neuropsychiatric dis-
eases (5). In this chapter, I will give an overview of the main features that characterize
the anatomical and functional organization of these glutamatergic pathways (Fig. 1) and
discuss recent findings that suggest their involvement in cognitive, emotional, and lim-
bic-related behaviors.

3. CHANGES IN THALAMOCORTICAL AND INTRINSIC
CORTICO-CORTICAL GLUTAMATERGIC CONNECTIONS
IN PSYCHIATRIC DISEASES

The prefrontal cortex plays a major role in cognitive, limbic, and memory functions.
Abnormalities in information processing or neurological damage to the prefrontal cortex
may lead to a myriad of symptoms ranging from changes in personality traits to working
memory deficits, and psychiatric diseases (6, /4). The anatomical organization of the pre-
frontal cortex in primates is very complex and comprises a multitude of functional areas
characterized by differential patterns of connectivity and electrophysiological properties
(17-19). The activity of the prefrontal cortex is under the control of various afferent
inputs that use glutamate as neurotransmitter. One of the main sources of thalamic afferents
to the prefrontal cortex is the mediodorsal nucleus (MD), although projections from
high-order, intralaminar and midline thalamic nuclei have also been reported (20,21).
The MD comprises various subdivisions and it appears that each of these subnuclei
contribute to the innervation of different prefrontal cortical regions. For instance, the
ventral part of the magnocellular MD (MDmc) projects to lateral regions of the ventral
and medial prefrontal cortex including Walker’s areas 11 and 12, whereas the dorsal part
of MDmc is mainly connected with ventromedial regions of the prefrontal cortex (areas
13 and 14). In contrast, the lateral parvicellular MD (MDpc) innervates preferentially
dorsolateral and dorsomedial prefrontal areas (Walker’s 46, 9, and 8B); the multiform
MD (MDmf) is mainly connected with area 8A, whereas area 10 has connections with
the anterior part of MD. Thalamic inputs from MD are invariably confined to layer IV
and adjacent deep layer III (22). Interestingly, both the number of neurons and volume of
MD are reduced in the brains of schizophrenic patients (23,24). In line with these obser-
vations, other studies have reported fewer putative thalamic axon terminals and fewer
dendritic spines on cortical pyramidal neurons in the prefrontal cortex of schizophrenics
(25,26). Although the exact functional implication of decreased thalamic influences on
the prefrontal cortex in schizophrenia remains to be established, it has been suggested
that they may lead to abnormalities in the inhibitory y-aminobutyric acid (GABA)ergic
microcircuitry of the primate prefrontal cortex (27,28). However, acute lesion of the MD
does not result in any significant changes in the expression of glutamic acid decarboxylase
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67 (GAD67) mRNA in the prefrontal cortex of rats suggesting that the cortical abnormalities
in GABAergic transmission observed in schizophrenia may be mediated by more com-
plex changes in cortical microcircuitry than a mere decreased activity of thalamocortical
glutamatergic inputs (29).

The prefrontal cortex is also endowed with extensive glutamatergic corticocortical
connections that may be affected in schizophrenia (6). Although some of these connections
involve posterior and temporal association areas, profuse horizontal axonal projections from
layers II and III of dorsolateral prefrontal areas 9 and 46 to neighboring cortical areas
have been described. These local projections are organized in a cluster-like manner that
forms a series of elongated stripes within the same areas of the dorsolateral prefrontal
cortex. Furthermore, these connections are reciprocal, suggesting that they form distinct
interconnected functional modules that could play an important role in the integration
and processing of prefrontal cortical information relating to working memory, one of the
most fundamental cognitive process affected in schizophrenia. Although there is no
direct evidence that these connections are specifically affected in psychiatric diseases,
the fact that the size of layer III neuronal perikarya is reduced, combined with the evidence
for a decrease in the density of dendritic spines on layer III pyramidal neurons in the pre-
frontal cortex of schizophrenic patients, are strong evidence in favor of abnormalities in
the intrinsic glutamatergic microcircuitry in schizophrenia (6).

4. GLUTAMATERGIC INPUTS TO MIDBRAIN DOPAMINERGIC
NEURONS: KEY FACTORS IN CHANGES OF DOPAMINERGIC
TRANSMISSION IN PSYCHIATRIC DISORDERS

Extrinsic glutamatergic inputs play a critical role in controlling the firing rate and
firing pattern of midbrain dopaminergic neurons in the ventral tegmental area (VTA)
(3). Local application of glutamate or stimulation of glutamatergic afferents from the
prefrontal cortex or the subthalamic nucleus results in an increased burst firing in mid-
brain dopaminergic neurons, thereby increased phasic dopamine release in the nucleus
accumbens (3,30,31). Midbrain dopaminergic neurons, in particular those in the VTA,
receive massive glutamatergic inputs in primates (32). Almost 70% of the total synap-
tic innervation of VTA dopaminergic neurons arises from glutamatergic boutons in
monkeys (32). The prefrontal cortex, subthalamic nucleus, and the brainstem peduncu-
lopontine tegmental nucleus are likely to be the main sources of this innervation
(3,33-35).

The VTA is made up of largely segregated populations of dopaminergic and non-
dopaminergic projection neurons that project to various cortical and subcortical brain
structures, including the nucleus accumbens and the prefrontal cortex. Interestingly,
glutamatergic inputs from the prefrontal cortex display a high degree of synaptic speci-
ficity in the rat VTA, targeting selectively GABA-containing mesoaccumbens neurons
and dopamine-containing mesocortical cells (36). These anatomical data provide a basic
substrate for highly specific mechanisms through which prefrontal inputs may control
the activity of ascending dopaminergic and GABAergic outflow from the VTA. It is
noteworthy that the prefrontal cortex may also control the burst firing of midbrain
dopaminergic neurons via its projections to the nucleus accumbens, which, in turn,
sends GABAergic inputs to the VTA either directly or indirectly through disinhibition
of the ventral pallidum (3,37).
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Other sources of glutamatergic projections that mediate changes in firing pattern of
VTA neurons include the ventral hippocampus, entorhinal cortex, and amygdala, most
likely via polysynaptic pathways that involve projections to the ventral striatum. How-
ever, it is important to note that the extended amygdala (38), including the central
nucleus and the bed nucleus of stria terminalis provides direct topographic inputs to mid-
brain dopaminergic neurons (39,40). These represent additional routes through which
glutamate could exert direct control on midbrain dopaminergic neuron activity.

5. THE NUCLEUS ACCUMBENS: A CRITICAL SITE FOR PREFRONTAL
CORTICAL GLUTAMATERGIC MODULATION
OF TONIC DOPAMINE RELEASE

Another way through which prefrontal glutamatergic outputs regulate subcortical
dopaminergic transmission is via projections to the striatum (see Section 7). Corticostri-
atal glutamatergic afferents utilize multiple pathways to regulate striatal dopamine
release and levels of extracellular dopamine (3). In vitro and in vivo studies have proposed
various pre- and postsynaptic mechanisms that involve both ionotropic and metabotroic
glutamate receptors, as well as indirect multisynaptic pathways that could mediate these
effects (3). Grace and his colleagues have proposed that the glutamatergic modulation of
intrastriatal dopamine release is mainly responsible for the maintenance of tonic
dopamine levels in the striatum, whereas glutamatergic inputs to midbrain dopaminergic
neurons regulate phasic dopamine release (3). Although the prefrontal cortex is a key
component for the control of intrastriatal dopamine levels, other glutamatergic inputs
from the amygdala and hippocampus also appear to be involved through complex inter-
actions functional interactions at the level of the nucleus accumbens (see Section 7).

6. STRESS-INDUCED DISRUPTION OF GLUTAMATERGIC
TRANSMISSION FROM THE PREFRONTAL CORTEX
AND ITS IMPACT FOR PSYCHIATRIC DISORDERS

Because of its functional importance in regulating dopaminergic transmission at cortical
and subcortical levels, abnormal activity of prefrontal glutamatergic influences on the
nucleus accumbens and the VTA may play a critical role in various psychiatric diseases (12).
The role of stress in the induction, maintenance, and relapse of psychiatric dysfunctions is
well established and there is good evidence that changes in glutamatergic transmission in the
prefrontal cortex and, possibly the hippocampus, may be responsible for the dopamine-
mediated behavioral abnormalities seen in psychiatric diseases (12). Stress induces two tem-
porally different glutamate-mediated events in the prefrontal cortex. The first is an initial
acute response characterized by an increase of fast glutamatergic synaptic transmission. This
first event, which underlies immediate responses to stress, is likely to be induced by
increased transmission of thalamocortical sensory inputs to prefrontal and limbic cortical
areas (/2). This acute response is followed by long-lasting increases of glutamate and
monoamine releases in prefrontal, limbic, and hippocampal cortices. Long-lasting changes
in gene expression and protein synthesis also characterize this second event.

The prefrontal cortex also plays an important role in regulating the hypothalamo—pituitary
axis (HPA) and glucocorticoid secretion during stress. It appears that the rather slow
increased glutamate release in the hippocampus following stress might be mediated through
HPA-regulated mechanisms, whereas the fast changes in glutamatergic transmission that
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occur in the prefrontal cortex might be independent of the HPA axis and, rather, involve
increased synaptic release of glutamate from intracortical or extrinsic afferents (12).

7. FUNCTIONAL INTERACTIONS BETWEEN GLUTAMATERGIC INPUTS
FROM THE AMYGDALA, HIPPOCAMPUS, AND PREFRONTAL CORTEX
TO THE NUCLEUS ACCUMBENS

The nucleus accumbens is thought to be a key structure in the neuronal circuitry that
underlies the neurobiological bases of psychiatric disorders, most particularly schizophre-
nia. The convergence of glutamatergic inputs from the amygdala, the prefrontal cortex,
and the hippocampus, three brain regions that are affected in schizophrenic patients, com-
bined with the dopaminergic inputs from the VTA, set the stage for multifarious and com-
plex functional interactions that underlie the processing and integration of cognitive and
limbic-related information flowing through this brain region. The anatomy and electro-
physiology of these projections have been studied in great detail, which led to various
hypotheses regarding the mechanisms by which these glutamatergic and dopaminergic
projections interact to mediate their functional effects on behavior (3,5). This section
briefly summarizes some of the main anatomical features that characterize the organiza-
tion and synaptic connectivity of these pathways, and discusses recent electrophysiological
observations that support an important role for amygdala and hippocampal inputs to gate
information flow from the prefrontal cortex to the nucleus accumbens (5).

7.1. The Corticostriatal Projection

Various areas of the prefrontal and cingulate cortices provide substantial inputs to the
monkey nucleus accumbens (43—45). Price and his colleagues (46) defined the organiza-
tion of prefronto-cortical projections to the striatum according to two major prefrontal
networks involved in the integration and processing of functionally different information.
These two networks are characterized by different corticocortical connections and dis-
tinct connections with subcortical brain regions including the thalamus, hypothalamus,
and amygdala. The “orbital network” is thought to be involved predominantly in the
processing of sensory information relating to food and feeding, whereas the “medial net-
work” is more closely related to visceromotor or emotional motor functions (45,46). The
two pathways are tightly connected with various cortical and subcortical limbic struc-
tures including the amygdala, entorhinal cortex, and hippocampus, through which they
may play important roles in controlling mood and guiding behaviors (46). The two net-
works are differentially connected with the dorsal and ventral striatum. The ventromedial
striatum, which includes the ventral putamen, medial caudate nucleus, and nucleus
accumbens, receives its main input from the medial cortical network. Projections from
caudomedial areas 32, 25, and 14r innervate mainly the medial edge of the caudate
nucleus, the nucleus accumbens, and the ventromedial putamen, whereas projections
from cortical areas 100, 10m, and 11m remain restricted to the medial edge of the caudate
nucleus (46). Projections from areas 120, 13a, and Iai terminate in the lateral accumbens
and ventral putamen. On the other hand, projections from the “orbital network™ are
mainly directed toward the central part of the rostral striatum, which includes the central
and lateral parts of the caudate nucleus and the ventromedial putamen (46).

In addition to the prefrontal cortex, the nucleus accumbens also receives cortical
inputs from limbic- and associative-related areas of the temporal lobe including the
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entorhinal and perirhinal cortices, as well as the rostral portion of the superior temporal
gyrus (41,47-49). The cingulate cortex (areas 25, 24a—c, 24 a’—’) is another major
source of topographic cortical inputs to the monkey ventral striatum. The medial ventral
striatum is mainly innervated by parts of the anterior cingulate cortex (areas 25, 24a,b)
whereas the shell region of the accumbens receives fibers from areas 25, 24a,b and 24
a’,b’. Projections to the core of the accumbens arise primarily from areas 25, 24a,b and
the medial part of area 24c, whereas the lateral part of the ventral striatum is mainly targeted
by fibers coming from areas 24b,b” and 23b and medial 24c (43).

The organization of prefrontal corticostriatal projections to the core or shell of the
nucleus accumbens has been studied in great detail in rodents by means of retrograde and
anterograde tracing methods. The main prefrontal cortical inputs to the medial and lateral
shell of the rat accumbens arise from the dorsal peduncular and infralimbic cortices,
whereas the dorsal and ventral prelimbic and anterior cingulate cortices innervate prefer-
entially the core. In addition, the lateral shell also receives strong cortical inputs from the
agranular insular, perirhinal, rostral piriform, and lateral entorhinal cortices. On the other
hand, additional cortical inputs to the medial shell arise from the caudal piriform cortex
as well as the lateral and medial parts of the entorhinal cortex, whereas the core is prefer-
entially targeted by inputs from the agranular insular and perirhinal cortices (50,517).

Cortical inputs to the accumbens target preferentially the spines of striatal output
neurons. Direct synaptic convergence of prefrontal inputs with dopaminergic terminals
and hippocampal afferents have been demonstrated (52-54), which provide a solid
anatomical substrate for the gating properties of hippocampal projection on prefrontal
cortical inputs in the rat accumbens (35).

7.2. The Amygdalostrial Projection

In primates, the amygdalostriatal projection arises preferentially from various compo-
nents of the basal and accessory basal nuclear complexes (48,55—57). The main striatal
target of amydala projections is the ventromedial striatum. Very few, if any, amygdala
inputs are sent to the central striatum. The basal and accessory basal inputs innervate both
the shell and core of accumbens, except for a restricted region in the dorsomedial shell that
receives few basal nucleus inputs. The projection is topographically organized so that par-
vicellular basal inputs terminate in ventral shell and core, whereas magnocellular inputs
target ventral shell and ventromedial putamen (48). The intermediate division of the basal
nucleus projects broadly across the whole ventromedial striatum except the dorsomedial
part of the shell. The shell also receives specific inputs from the medial part of the central
nucleus and periamygdaloid cortex and additional inputs from the medial nucleus (48,57).

In the rat (57,58-60), the amygdalostriatal projection is much more extensive than in
monkeys and involves the whole extent of the ventral and dorsal striatum except for the
rostrodorsolateral part of the caudate—putamen complex. This projection is highly topo-
graphic: the rostral basolateral nucleus projects preferentially to rostral and caudolateral
portions of the accumbens and large portions of the dorsal striatum, whereas the caudal
basolateral nucleus projects to the rostromedial caudate—putamen complex and caudomedial
portion of the nucleus accumbens.

Amygdala terminals form asymmetric synapses mainly with spines and distal den-
drites of projection neurons. At the light microscopic level there is a certain degree of
overlap of axons from amygdala, hippocampus, prefrontal cortex, and thalamus in
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nucleus accumbens (6/,62) and some studies suggest functional convergence of these
inputs onto individual neurons (63). Electron microscopic studies demonstrated synaptic
convergence of amygdala inputs with dopamine terminals (53) and hippocampal (ventral
subicular) afferents onto single striatal neurons (64). These convergent inputs may possibly
mediate some of the complex functional interactions disclosed between these various
glutamatergic afferents to control accumbens neuronal activity.

7.3. The Hippocampostriatal Projection

In monkeys, the subiculum is the main source of hippocampal inputs to the nucleus
accumbens, but additional minor inputs come from parasubiculum, prosubiculum, and
CA1 and CA3 regions (48). These projections, which travel through the fornix and arise
predominantly from the rostral hippocampus, terminate most densely in medial and ventral
portions of accumbens. There is overlap of subicular and amygdala inputs to the medial
division of the nucleus accumbens, suggesting potential interactions between these two
pathways to modulate information processing in the primate accumbens (48).

In rats and cats, the subiculum, CA1l region, and parahippocampal cortex provide
massive heterogeneous projections to the ventral striatum (65,66). The ventral subiculum
projects mainly to the caudomedial part of the nucleus accumbens, whereas the dorsal and
septal subiculum innervate preferentially its lateral and rostral components. Hippocampal
inputs converge with dopaminergic, prefrontal, and amygdala afferents at the single-cell
level in the rat accumbens (33,54,67).

7.4. Functional Gating of Prefrontal Cortical Inputs by Hippocampal
and Amygdala Afferents to the Nucleus Accumbens

Grace and his colleagues have published a series of elegant studies over the past 5 yr that
provide a solid support for tight functional interactions between cortical, amygdala, and
hippocampal glutamatergic inputs within the rat nucleus accumbens (3,5). In vivo, accum-
bens neurons exhibit a bistable steady-state membrane potential alternating from a hyperpo-
larized nonfiring state to a depolarized state during which neurons can fire action potentials.
Inputs from the hippocampal subiculum are responsible for generating the bistable state in
these neurons. If fimbria/fornix is transected, none of striatal neurons exhibit the bistable
membrane potential (5,68,69). Prefrontal cortical stimulation induces only brief excitatory
responses that, by themselves, are unlikely to result in action potentials in accumbens neu-
rons. However, if hippocampal inputs are stimulated first, subsequent stimulation of pre-
frontal cortical afferents generate action potentials in accumbens neurons (5,68). Activation
of the subicular inputs cause the cells to shift to a depolarized state under which conditions
prefrontal inputs can generate spike discharges. The hippocampal input, therefore, appears
to act as a gate for prefrontal cortical influences to accumbens neurons (5). Once this gate is
opened, it allows prefrontal cortical inputs to get through and activates striatal neurons. This
interaction is modulated by drugs that affect dopamine transmission because such com-
pounds have an effect on the bistable state frequency of striatal neurons. For instance,
systemic injection of D1 and D2 agonists decrease the frequency at which the membrane
potential of striatal neurons exhibit depolarized states. Because the depolarized state is
necessary for the gating of prefrontal cortical inputs by hippocampal afferents, the effects of
prefrontal cortical inputs on striatal neurons are attenuated under these conditions (5,70).

Amygdala inputs also appear to gate prefrontal cortical excitatory afferents to accumbens
neurons. Stimulation of amygdala induces a brief depolarization of striatal neurons. If a
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stimulus from amygdala is delivered before stimulation of the prefrontal cortex, there is
facilitation of prefrontal cortical inputs to induce action potential in striatal neurons. This
potentiation depends on the delay between the two stimuli. The amygdala has to be acti-
vated 7-30 ms before prefrontal cortical stimulation to mediate the potentiating effects.
Inputs from both the amygdala and hippocampus are, therefore, capable of gating pre-
frontal cortical throughput to the accumbens, but in the case of amygdala, the response is
brief and likely represents a phenomenon-related event (5). It is important to note that
there are reciprocal functional relationships between the amygdala and the prefrontal
cortex; that is, prefrontal cortical stimulation influences neuronal activity in the amyg-
dala and vice versa. Interestingly, cortical stimulation exerts inhibitory influences on the
amygdala. This inhibitory effect appears to be mediated through various mechanisms
that recruit amygdala GABAergic interneurons including a chloride-mediated hyperpo-
larization, persistent decrease in neuronal inputs resistance, and shunting of postsynaptic
potentials (71). Dopamine appears to be an important modulator of this functional inter-
play between the prefrontal cortex and amygdala (71).

Although the exact functions of these gates are not clearly defined, Grace and colleagues
have hypothesized that the hippocampal subiculum inputs may gate context-related
events, whereas the amygdala may be involved in modulating prefrontal cortical stimuli
related to emotion or affective states. Given the fact that schizophrenics show deficits in
tasks that contain context-related information, one may hypothesize that a primary pathol-
ogy of these brains relies upon the malfunctioning of the hippocampal gate of prefrontal
cortical information at the level of the nucleus accumbens (3,5).

8. CONCLUDING REMARKS

The importance of glutamatergic transmission in psychiatric diseases is now well
established. Although much emphasis has been devoted to the prefrontal cortex, data
presented in this review highlight the importance of other glutamatergic pathways from
the amygdala and hippocampus. The complex functional interactions between these glu-
tamatergic afferents to the nucleus accumbens, combined with the direct and indirect
modulation these glutamatergic brain structures may exert on the activity of midbrain
dopaminergic neurons, emphasize the importance of a tight balance of activity between
glutamatergic and dopaminergic transmission to the prefrontal cortex and the nucleus
accumbens for normal integration and processing of cognitive and limbic information. A
shift in that balance leading to an increase release of dopamine at cortical and subcortical
levels may be a critical factor that underlies the appearance, maintenance, and relapse of
psychiatric diseases in humans.
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