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The GABA-glutamate connection in schizophrenia:
which is the proximate cause?
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Abstract

Schizophrenia is a chronic, disabling psychiatric disorder that genetic studies have shown to be highly heritable. Although the dopamine
hypothesis has dominated the thinking about the cause of schizophrenia for 40 years, post-mortem and genetic studies have provided little
support for it. Rather, post-mortem studies point to hypofunction of subsets of GABAergic interneurons in the prefrontal cortex and the
hippocampus. Furthermore, clinical pharmacologic, post-mortem and genetic studies have provided compelling evidence of hypofunction
of a subpopulation of NMDA receptors in schizophrenia. In support of this inference, agents that directly or indirectly activate the glycine
modulatory site on the NMDA receptor (the Glycine B receptor) reduce symptoms in chronic schizophrenia, especially negative
symptoms and cognitive impairments. Electrophysiologic and pharmacologic studies suggest that the vulnerable NMDA receptors in
schizophrenia may be concentrated on cortico-limbic GABAergic interneurons, thereby linking these two neuropathologic features of

the disorder.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The role of dopamine has dominated thinking about the
pathophysiology of schizophrenia for over four decades
because of the therapeutic effects of antipsychotics on the
positive symptoms of the disorder, especially psychosis [1].
However, the growing appreciation that negative symptoms
and cognitive impairments are more robust predictors of
outcome than psychosis has prompted interest in the poten-
tial role of dysfunction of other neuronal systems in this
disorder [2]. Indeed, the persistence of negative symptoms
and cognitive impairments, their correlation with reduced
cortical volume as well as the evidence that children and
adolescents, who go on to develop schizophrenia, often
exhibit impairments in cognition, social awkwardness and
visual-motor clumsiness suggest that these may be core
features of schizophrenia and represent its endophenotype
[3]. Notably, post-mortem studies carried out over the
last 30 years have not revealed consistent alterations in
pre- or post-synaptic markers for the dopaminergic neurons
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in schizophrenia [4]. In contrast, abnormalities in markers
for GABAergic neurons in prefrontal cortex and hippocam-
pus have been documented. Furthermore, research over the
last decade has provided evidence of hypofunction of
cortical-limbic glutamatergic neurotransmission.

In the prefrontal cortex and in the hippocampal forma-
tion, GABAergic cells are exclusively interneurons, which
play a dominant role in regulating the activity of the
projecting glutamatergic pyramidal cells [5]. In turn, the
activity of GABAergic interneurons is determined by
glutamatergic afferents arising from projecting neurons
or recurrent glutamatergic collaterals. An important ques-
tion in trying to clarify pathophysiology of schizophrenic is
what alterations are etiologic and what alterations are
down-stream consequences. The dichotomous nature of
such questions, however, must be suspect because of the
now compelling genetic evidence that schizophrenia, while
highly heritable, reflects the impact of a number of risk
genes of small effect [6]. Furthermore, epidemiologic
studies link genetic risk to perinatal insults such as second
trimester influenza infection, seasonality of birth and low
birth weight, which significantly affect the expression of
the phenotype [3]. Accelerating findings from linkage and
association studies are identifying potential risk genes that
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will undoubtedly aid in identifying processes which disrupt
synaptic function in selective ways that result in the
endophenotype and the psychosis.

This paper will review the evidence of alterations in
GABAergic and glutamatergic function in the frontal
cortex and hippocampus in schizophrenia. It will then
examine possible ways in which these alterations may
be related to each other that could account for cognitive
impairments that characterize the endophenotype of the
disorder.

2. GABAergic neurons

Initial studies, a quarter of a century ago, suggested
reductions in the activity of glutamic acid decarboxylase
(GAD) in cortex and GABA in the nucleus accumbens and
thalamus in post-mortem studies of individuals diagnosed
with schizophrenia [7]. However, the findings were not
consistent and subsequent studies suggested that reduction
in GAD activity may be an artifact of a slow death, to
which the schizophrenic subjects were prone [8,9]. How-
ever, more recent studies from several laboratories that
utilized either immunocytochemical or mRNA expression
methods have developed compelling evidence of reduced
expression of pre-synaptic markers in subpopulations of
GABAergic interneurons in the frontal cortex and the
hippocampal formation (for review, see [5,10]).

Two isoforms for GAD have been distinguished on the
basis of molecular weight—the 65 and 67 kDa isoforms,
respectively [5]. The 67 kDa isoform is preferentially
expressed in perikarya and dendrites whereas the
65 kDa isoform is more prominently expressed in axons
and terminals. No changes in the immunoreactivity of the
65 kDa isoform were observed in the anterior cingulate
cortex of schizophrenic subjects although marked
decreases were observed on pyramidal neurons in layers
and 2 and 3 in bipolar disorder [5]. Generally, no overall
differences between normals and schizophrenics were
detected in the density of GAD 65—immunoreactive term-
inals on pyramidal or non-pyramidal cells in any subregion
of the hippocampus. Although in a smaller cohort of
patients, who were neuroleptic free for at least a year,
immunoreactivity was reduced in sectors CA2, 3 and 4
but not CA1 [11]. On the other hand, several studies have
reported reduced numbers of GAD 67 mRNA expressing
neurons in prefrontal cortex and overall reduced expression
of GAD 67 as compared to GAD 65 [12-16]. In laminar
analysis, Volk et al. [13] found that the density of neurons
with detectable GAD 67 mRNA was significantly decreased
in the intermediate layers of the prefrontal cortex but the
level of GAD 67 mRNA expression per neuron did not
differ from control subjects. Thus, they proposed that
approximately 65-75% of the dorsolateral prefrontal cor-
tical GABAergic neurons express normal levels of GAD 67

mRNA in schizophrenia but a minority (25-35%) fail to
express detectable levels of the mRNA.

GABAergic interneurons co-express calcium binding
proteins including parvalbumin, calretinin and calbindin
[5]. Parvalbumin has been shown to be expressed predo-
minantly in chandelier and basket cells in prefrontal cortex
with calbindin 28 kDa localized to double bouquet cells
and calretinin expressed in double bouquet and bipolar
cells. Notably, the parvalbumin expressing GABAergic
neurons have their synaptic contacts concentrated on prox-
imal axon and soma of the pyramidal cell, thereby exerting
a major influence over pyramidal cell firing. The expres-
sion of parvalbumin but not calretinin was reduced in the
prefrontal cortex in schizophrenia [17], In contrast to the
findings with GAD 67 expression, the density of neurons
with detectable parvalbumin mRNA in the prefrontal
cortex was unchanged in subjects with schizophrenia
whereas the level of mRNA per neuron was significantly
decreased. These combined results suggest that the chan-
delier afferents innervating pyramidal cells may be the
subpopulation of GABAergic interneurons specifically
affected in schizophrenia.

Another informative presynaptic marker for GABAergic
neurons is the GABA transporter, GAT 1. Early studies
reported significant reductions in GAT 1 expression in the
prefrontal cortex, amygdala and hippocampus as assessed
by ligand binding [18,19]. A later study did not confirm
such abnormalities in the prefrontal and temporal cortex
[20]. In an in situ hybridization study, Volk et al. observed
that GAT 1 expression was decreased below the level of
detectability in a subpopulation of GABAergic interneur-
ons in the intermediate layers of the dorsolateral prefrontal
cortex [21]. Exploiting GAT 1 immunohistochemistry, a
marked reduction was observed in immunoreactive
GABAergic terminal boutons innervating pyramidal cell
proximal axons, which represent the chandelier neuron
axon “‘cartridge” [22,23]. Taken together, the results with
parvalbumin, GAD 67 and GAT 1 point to a rather selective
defect in the chandelier cells innervating the mid-layer
pyramidal neurons in prefrontal cortex.

Decreased expression of GAT 1 and decreased expres-
sion of GAD 67 would appear to have opposing effects
with the former enhancing and the latter attenuating
GABAergic neurotransmission. For this reason, studies
of the GABA A receptor could be informative in resolving
this contradiction. Early studies by Hanada et al. [24]
revealed a 40% increase in the B« but no change in
affinity in the specific binding of [*’H] muscimol in the
prefrontal cortex of patients with schizophrenia. Subse-
quent studies demonstrated significant increases in [*H]
muscimol binding to the GABA A receptor in subfields of
the hippocampal formation, the anterior cingulate cortex
and the prefrontal cortex [25-27]. Interestingly, benzodia-
zepine binding exhibited only modest elevation in the CAl
and in the subiculum in schizophrenia [28]. Higher resolu-
tion analysis indicated that the increase in a receptor



J.T. Coyle/Biochemical Pharmacology 68 (2004) 1507-1514 1509

binding was concentrated in the intermediate layers of the
prefrontal cortex, restricted to the pyramidal cells. A
similar analysis in the hippocampal formation indicated
a preferential increase of GABA A receptors on pyramidal
cells in CA1 whereas the CA3 receptor increase appeared
to be localized to interneurons. Consistent with the selec-
tive vulnerability of chandelier cells, Volk et al. [23]
reported a 100% increase of immunoreactive alpha 2
subunit of the GABA A receptor on the pyramidal neuron
initial axon segments. Impagnatiello et al. [29] also found
increased alpha 1 and alpha 5 subunits of the GABA A
receptor in prefrontal cortex. Thus, taken together the
alterations in pre- and post-synaptic expression of
GABAergic markers strongly support the notion of a net
hypofunction of subpopulations of GABAergic intemeur-
ons in prefrontal cortex and in the hippocampal formation.

Mechanisms that may account for these localized
GABAergic deficits remain unclear. Akbarian et al. [30]
carried out a study on a small number of subjects with
schizophrenia and controls examining the distribution of
NADPH diaphorase positive neurons in prefrontal cortex.
NADPH diaphorase expression is co-localized to a subpo-
pulation of GABAergic intemeurons. A significant differ-
ence in the distribution of these neurons were noted between
the schizophrenic subjects and controls with a relative
enrichment in the deep layers and a relative paucity in
the outer layers of the cerebral cortex in the schizophrenic
subjects, consistent with impaired migration in schizophre-
nia. Notably, migration of these interneurons occurs during
second trimester, a period associated with increased risk for
schizophrenia in association with maternal influenza, infec-
tion or famine [3]. However, a subsequent study suggested
that this specific migratory defect may occur only in a
distinct subpopulation of schizophrenics [12].

A second line of evidence supporting a developmental
defect is the observed abnormalities in reelin expression in
schizophrenia. Reelin is a high affinity ligand for integren
receptors. In frontal cortex, reelin is synthesized by vir-
tually every GABAergic neuron where it is secreted into
the extracellular matrix and binds to dendritic spines of
pyramidal neurons [31]. Reelin has also been implicated in
neuronal migration because of its expression in Retzius
cells in fetal cortex. Several post-mortem studies indicate a
highly significant reduction in reelin protein and mRNA in
the prefrontal cortex, especially in the outer layers, tem-
poral cortex, hippocampus, caudate nuclei and cerebellum
[15,29,32]. Reelin expression is also reduced in the dendate
gyrus in schizophrenia [33]. Fatemi et al. [32] found
significant reduction in reelin positive adjusted cell den-
sities in the dentate molecular layer, total hippocampal area
and C4 area of schizophrenics as compared to controls.
Eastwood and Harrison [34] found an increased density of
interstitial white matter neurons that express less reelin in
schizophrenic subjects than controls. Fatemi et al. [35]
reported altered levels of isoforms of reelin in the blood
obtained from patients suffering from schizophrenia

although bipolar and depressed patients exhibited similar
but less robust alterations. Given the important role of
reelin in the laminar formation of the cortex and in
synaptogenesis, along with its relatively restricted expres-
sion to GABAergic interneurons, it is a plausible risk gene
that could account for the cortical volumetric reductions in
schizophrenia and the selective abnormalities in GABAer-
gic neuronal function in the prefrontal cortex and hippo-
campal formation. However, an association analysis of the
polymorphic CGG repeat in the 5" untranslated region of
reelin did not reveal a significant linkage to schizophrenia
[36].

Thus, studies from several different research groups
using a variety of techniques and brain material from
diverse sources have revealed fairly replicable findings
consistent with hypofunction and reduced gene expression
of proteins associated with a subpopulation of GABAergic
interneurons in the prefrontal cortex and in the temporal
lobe. However, genetic studies to date have not pointed to
potential risk genes that would be specifically associated
with GABAergic neuronal development or function.
Furthermore, pharmacologic studies directed at enhancing
GABAergic function, primarily through the use of benzo-
diazepines, have not yielded convincing results of specific
effects in schizophrenia [37].

3. NMDA receptor hypofunction in schizophrenia

The potential involvement of impaired glutamatergic
neurotransmission in the pathophysiology of schizophrenia
was initially based on the clinical observations of the
psychotic effects of dissociative anaesthetics, first reported
over 40 years ago [38]. The demonstration that these drugs
act as use dependent non-competitive inhibitors of NMDA
receptors at the concentration associated with their psy-
chotomimetic properties pointed to inhibition of NMDA
receptors as a potential pathologic mechanism [39]. The
growing appreciation of the importance of negative symp-
toms and cognitive impairments as critical components of
the endophenotype of schizophrenia prompted a more
careful analysis of the psychologic effects of ketamine,
another NMDA receptor antagonist. Nonnal controls in an
experimental setting administered intravenously low doses
of ketamine that does not cause impairments in conscious-
ness, developed negative symptoms (blunted affect, with-
drawal) and the rather selective impairments in memory
and cognition that are specifically associated with schizo-
phrenia [40,41]. Positive symptoms with auditory halluci-
nations and fully formed delusions do not typically occur
with acute administration of ketamine to normal subjects
but are seen in neuroleptic free schizophrenics [42].
In addition, low dose ketamine produces several physio-
logic abnormalities associated with schizophrenia includ-
ing abnormal eye tracking [43], enhanced subcortical
dopamine release ([44]; but see [45]), impaired prepulse
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inhibition in experimental animals [46], hypofrontality and
abnormal cortical event related potentials [47].

The neuroanatomic organization and functional features
of the forebrain glutamatergic systems implicate them in
pathophysiology of schizophrenia. Specifically, glutamater-
gic pyramidal cells are projecting systems that interconnect
prefrontal cortex, temporal cortex/hippocampus and thala-
mus, regions of the brain which structural and functional
brain imaging have demonstrated to exhibit abnormalities
in schizophrenia. Secondly, multiple roles of the NMDA
receptor in regulating neuronal migration, neuronal differ-
entiation, response to trophic factors, functional plasticity
such as long term potentiation and long term depression
and finally the elaboration of synaptic spines are consistent
with the multiple functional and structural abnormalities
documented in schizophrenia.

Post-mortem studies combined with genetic findings have
generated compelling evidence that disruption in the mod-
ulation of subtypes of NMDA receptors contribute to the
psychopathology of schizophrenia [48]. The NMDA recep-
tor has a second site to which p-serine or glycine bind that
must be occupied in order for glutamate to gate the NMDA
ion channel [49]. p-Serine is a full agonist at this “glycine B
receptor” on the NMDA receptor. Tissue levels of p-serine
are determined by the catabolic enzyme p-amino acid
oxidase (DAAO) since the levels of the former are inversely
correlated with the activity of the latter [S0]. A mutationin a
protein designated G72, which results in robust activation of
DAAO, has been described in three genetic studies of
schizophrenia [51-53]. Single nucleotide polymorphisms
(SNPs) of DAAO have been associated with increased risk
for schizophrenia [51]. Furthermore, the levels of p-serine in
plasma, which appears to come primarily from the CNS,
are decreased in schizophrenic subjects [54].

Glutamate carboxy peptidase II (CGP II) degrades the
neuropeptide, N-acetylaspartyl glutamate (NAAG), which
is co-localized and released by glutamatergic neurons as
well as other neuronal systems (cholinergic motor neurons,
noradrenergic locus coeruleus neurons) [55]. NAAG is an
agonist at the mGluR 3 receptor, which reduces glutamate
release, and a glycine reversible antagonist at hippocampal
NMDA receptors [56]. Post-mortem studies with cohorts
from three different brain banks have documented signifi-
cant reductions in its enzyme activity and in its mRNA
levels in prefrontal cortex and temporal cortex/hippocam-
pus [57,58]. A translocation associated with the risk for
schizophrenia affects the locus on chromosome 11q13 in
close proximity to the gene encoding GCP II [59]. Kynure-
nic acid is another endogenous antagonist at the glycine B
receptor on the NMDA receptor. The levels of kynurenic
acid are significantly elevated in prefrontal cortex but
not motor cortex and in the cerebral spinal fluid in
schizophrenic patients as compared too controls, an altera-
tion which appears to be unrelated to antipsychotic treat-
ment [60,61]. Tryptophan-2,3-dioxygenase, an upstream
enzyme in kynurenic acid synthesis, is also up-regulated in

the cortex in schizophrenic patients [62]. Individually and
together these alterations would non-competitively attenu-
ate NMDA receptor function.

NMDA receptors are anchored in the post-synaptic
density (PSD) in a protein complex with which over four
score other proteins have been associated. Post-mortem
studies have examined the expression of the subunits of the
NMDA receptor as well as components of the PSD. In the
thalamus, the NR1 and NR2 B subunits were decreased in
schizophrenia and PSD 95, SAP 102 and NF-L were also
significantly reduced although the latter was also affected
in bipolar disorder [63]. Other studies have shown sig-
nificant reductions in the expression of SAP 97, SAP 102
and PSD 95 in prefrontal cortex in schizophrenia [64].
Decreased phosphorylation of NR1 at serine 97, which
impairs NMDA receptor function, has been found in
prefrontal cortex in two cohorts of schizophrenic subjects
[65]. That the post-synaptic density complex may be an
important target for the pathophysiology of schizophrenia
is reinforced by the highly significant association of SNPs
for distobrevin and dysbinden, two proteins in the PSD
complex, with the risk for schizophrenia [6]. Notably,
dysbinden expression is reduced in prefrontal cortex [66].

Other components of the glutamatergic signaling system
are also affected. For example, the glutamate transporters
excitatory amino acid transporter (EAAT1 and 2) are ele-
vated in the thalamus, which should further compromise
glutamatergic neurotransmission [63]. Consistent reduc-
tions in the kainic acid receptor have been documented
by ligand binding, in situ hybridization of its subunits and
DNA microarray studies in prefrontal cortex and hippocam-
pus [67]. SNPs for the mGluR 3 receptor gene, which down-
regulates glutamate release, have been linked to the risk for
schizophrenia in three different studies although the effects
on its expression or function remain unclear at present [6].

Finally, neuregulins are cell—cell signaling proteins that
are ligands for the tyrosine kinase receptor, ErB. There are
at least three separate studies of associated allelic variants
of neuregulin 1 gene and the risk for schizophrenia [68].
Neuregulin has complex effects on glial differentiation,
astrocyte function and synapse stabilization. Post-mortem
studies have revealed relative reductions in neuregulin
isoforms II and III expression in cortex in schizophrenia
[69]. Mice homozygous for a null mutation of neuregulin
or its ErB 4 receptor display hyperactivity that is respon-
sive to clozapine and exhibit reduced numbers of NMDA
receptors [68].

4. Effects of agonists at the glycine B receptor in
schizophrenia

A compelling line of evidence supporting the hypothe-
sized hypofunction of NMDA receptors in schizophrenia
comes from clinical trials demonstrating the therapeutic
effectiveness of agents that enhance NMDA receptor
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function, particularly with regard to the endophenotypic
symptoms (for review, [48]). These interventions have
focused on agents that would activate the glycine B
receptor on the NMDA receptor, thereby avoiding the
potential excitotoxic effects of direct agonists at the glu-
tamate recognition site. Preclinical studies have demon-
strated that such agents can reverse the behavioral effects
of MK801 and have cognitive enhancing effects. In these
studies, the agents were used as ““add ons” in a placebo
control design to existing antipsychotic treatments, pri-
marily typical antipsychotics in patients with chornic
schizophrenia and prominent negative symptoms.

One of the first agents examined, p-cycloserine, is a
partial agonist at the glycine B receptor with approxi-
mately 50% efficacy [70]. The initial dose finding study
revealed a U-shaped dose response curve for p-cycloserine
with significant reductions in negative symptoms and
significant improvement on a cognitive task that engages
the prefrontal cortex. Subsequent placebo control studies
confirmed the effects on negative symptoms although in no
case were positive symptoms affected [71,72]. Trials with
glycine, with doses ranging from 30 to 60 g per day, also
revealed significant reductions in negative symptoms and
improvement in cognitive functions without effect on
positive symptoms [73-75]. A trial with the full agonist,
D-serine at 2 g per day demonstrated improvement not only
in negative symptoms and cognition but also in positive
symptoms [76]. This impact on positive symptoms in
contrast to p-cycloserine and glycine may reflect better
brain access and greater efficacy of D-serine at the glycine
B receptor. Finally, sarcosine, an endogenous antagonist at
GlyT 1 at doses of 2 g per day, was also reported to reduce
negative symptoms, improve cognitive and reduce positive
symptoms in patients suffering from chronic schizophrenia
receiving neuroleptic treatment [77].

Clozapine, the first atypical antipsychotic, has some
unusual properties in terms of being particularly efficacious
in a subgroup of patients who respond poorly to typical
antipsychotics and also reduces substance abuse and sui-
cidality in schizophrenic patients. Trials with the full
agonists, glycine and p-serine added to clozapine, revealed
that they had no additional effects on negative symptoms or
cognition in contrast to their effects on these symptoms in
patients receiving typical antipsychotics [78—80]. Further-
more, the partial agonist D-cycloserine in two trials actually
exacerbated negative symptoms in clozapine responders
[81,82]. The most parsimonious explanation of these effects
is that clozapine causes markedly enhanced occupancy of
the glycine B receptor, thereby causing the partial agonist b-
cycloserine to behave as an antagonist and the full agonists
to have no added benefit.

5. GABAergic—glutamatergic interactions

This review of post-mortem studies, genetic studies and
pharmacologic trials provides convincing evidence of

hypofunction of a subset of GABAergic intemeurons in
the frontal cortex and temporal lobe, on the one hand, and
hypofunction of NMDA receptors in these same regions,
on the other hand, in schizophrenia. Are these two separate
and distinct pathologic mechanisms or can they be related
to each other in some meaningful fashion? A review of the
evidence from genetic studies implicating neuregulin,
disbindin, and G72 as risk genes suggests that they may
be more closely related to NMDA receptor dysfunction
than a presynaptic abnormality in GABAergic neurons. In
vivo dialysis studies with dissociative anaesthetics point to
a disinhibition of frontal cortical glutamatergic neurotrans-
mission with secondary elevation in dopamine release [83].
These findings would suggest a particular vulnerability of
GABAergic interneurons to the effects of NMDA receptor
antagonists. In electrophysiologic studies of the CAl
region, Grunze et al. [84] found that GABAergic inter-
neurons were 10-fold more sensitive to the canonical
NMDA antagonist amino-phosphonovaleric acid and to
NAAG than were the pyramidal neurons receiving the
same Shaffer collateral input In rodents, the pyramidal
neurons in the limbic cortex, especially the retrosplinal
cortex, are vulnerable to the cytotoxic effects of the dis-
sociative anaesthetics resulting in marked expression of
heat shock proteins. Notably, these effects can be reversed
by GABA A receptor agonists [85]. Exploring the
GABAergic basis of this vulnerability, Li et al. [86]
demonstrated in acute slices prepared from the rat
limbic cortex that the NMDA receptors on the GABAergic
neurons were disproportionately more sensitive to the
antagonistic effects of MK 801 as compared to the NMDA
receptors on the pyramidal neurons. Moreover, these
effects appeared to be restricted to limbic GABAergic
interneurons.

It must be emphasized that the doses of dissociative
anaesthetics such as ketamine that reproduce syndromic
features of schizophrenia do so without causing gross
disturbance of consciousness or significant effects on the
Mini Mental Status Exam, an instrument for detecting
delirium or dementia [40]. This feature indicates that
the effects of the dissociative anaesthetics must be
restricted to a class of neurons with a distinctly more
sensitive subpopulation of NMDA receptors. Based on
the findings from the electrophysiologic and in vivo dia-
lysis studies, it is not unreasonable to speculate that the
NMDA receptors on frontal cortical and limbic GABAer-
gic interneurons are most sensitive to these antagonists and
therefore may be an important site of pathology resulting in
NMDA receptor dysfunction. Thus, the down-regulation
of presynaptic markers for the GABAergic interneurons
including GAD67, GAT and parvalbumin may reflect a
chronic loss of the trophic influences of NMDA receptor
activation. In support of this hypothesis, Paulson et al. [87]
recently reported that chronic treatment with MK 801
resulted in down-regulation in the expression of GAD
and GAT 1 in the frontal cortex of rats.
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Computational models indicate that the loss of the
NMDA receptor component of the EPSC on hippocampal
GABAergic neurons disrupts memory and cognitive pro-
cessing in a fashion analogous to that in schizophrenia
[83]. A functional imaging study of the hippocampus in a
region specific memory task lends support for this model.
Schizophrenic subjects as compared to controls performed
the task poorly and did not increase hippocampal blood
flow. But, their baseline blood flow was as high as that of
the controls when they were performing the task, consistent
with a persistent mild disinhibition of hippocampal neu-
rons in the schizophrenic subjects [88]. Given this evidence
of GABAergic hypofunction in schizophrenia, it is surpris-
ing that drugs increase GABA A receptor function, such as
benzodiazepines have negligible therapeutic effects in
schizophrenia. Perhaps their relative non-specificity pro-
duces sedation that adumbrates any cognitive enhancing
effects.

A novel pharmacologic strategy to enhance phasic
GABAergic activity would be the use of drugs that increase
glycine B receptor agonist occupancy at the GABAergic
NMDA receptors such as a full agonist like Dp-serine,
inhibitors of GlyT 1 or inhibitors of b-AAO. Such inter-
ventions could have particular therapeutic effect on the
cognitive impairments and negative symptoms, the most
disabling components of schizophrenia that are relatively
insensitive to existing antipsychotics. The results from
preliminary clinical trials with four agents that directly
or indirectly enhance the function of glycine B provide
convincing evidence of the efficacy of this approach.
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