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Abstract

Impairments in cognitive control, such as those involved in working memory, are associated with
dysfunction of the dorsolateral prefrontal cortex (DLPFC) in individuals with schizophrenia. This
dysfunction appears to result, at least in part, from abnormalities in GABA-mediated
neurotransmission. In this paper, we review recent findings indicating that the altered DLPFC
circuitry in subjects with schizophrenia reflects changes in the expression of genes that encode
selective presynaptic and postsynaptic components of GABA neurotransmission. Specifically, using
a combination of methods, we found that subjects with schizophrenia exhibited expression deficits
in GABA-related transcripts encoding presynaptic regulators of GABA neurotransmission,
neuropeptide markers of specific subpopulations of GABA neurons, and certain subunits of the
GABA receptor. In particular, alterations in the expression of the neuropeptide somatostatin
suggested that GABA neurotransmission is impaired in the Martinotti subset of GABA neurons that
target the dendrites of pyramidal cells. In contrast, none of the GABA-related transcripts assessed to
date were altered in the DLPFC of monkeys chronically exposed to antipsychotic medications,
suggesting that the effects observed in the human studies reflect the disease process and not its
treatment. In concert with previous findings, these data suggest that working memory dysfunction
in schizophrenia may be attributable to altered GABA neurotransmission in specific DLPFC
microcircuits.
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Introduction

Although psychosis is usually the presenting and most striking clinical feature of
schizophrenia, disturbances in cognition have been regarded as central to the illness since its
initial description as dementia praecox. These impairments are thought to be the core features
of the illness (Elvevag and Goldberg, 2000) for the following reasons. First, a characteristic
pattern of cognitive deficits occurs with high frequency, is relatively stable over time, and is
independent of the psychotic symptoms of the illness (Gold, 2004). Indeed, if cognitive deficits
are defined as the failure to achieve the expected level of cognitive functioning, then almost
all patients with schizophrenia are cognitively impaired (Keefe et al., 2005). Second, cognitive
abnormalities have been found throughout the life span of affected individuals, including

"Corresponding author: Tel.: 1 (412) 624-3934; lewisda@upmc.edu.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lewis et al.

Page 2

during childhood and adolescence and at the initial onset of psychosis (Saykin et al., 1994;
Green, 1998; Davidson et al., 1999; Cosway et al., 2000). Third, the unaffected relatives of
individuals with schizophrenia also exhibit similar, although milder, cognitive deficits (Egan
et al., 2001; Sitskoorn et al., 2004). Finally, the degree of cognitive dysfunction is the best
predictor of long-term functional outcome for affected individuals (Green, 1996; Harvey et
al., 1998). Thus, the development and implementation of effective treatments for cognitive
deficits remains a major goal in schizophrenia research (Hyman and Fenton, 2003).

Of the demonstrated types of cognitive impairments in schizophrenia, substantial research has
focused on working memory, typically defined as the ability to transiently maintain and
manipulate a limited amount of information in order to guide thought or behavior (Miller and
Cohen, 2001). Working memory involves several component processes including storage
buffers for different domains of information [e.qg., visuo-spatial scratch pad (short-term storage
of visual information) and phonological loop (articulatory rehearsal and phonological coding
of verbal information)] and a central executive component that controls the manipulation of
information within the storage buffers (Baddeley, 1992). Although more work is needed to
understand the functional integrity of all working memory components in schizophrenia
(e.g., visuo-spatial scratchpad and episodic buffer), research in this area suggests two robust
conclusions. First, individuals with schizophrenia exhibit relatively little impairment on tasks
that depend primarily on the phonological loop and have intact activation of the brain regions
(e.g., ventral lateral prefrontal cortex and posterior parietal cortex) that mediate the components
of the phonological loop (Barch, 2006). Second, in contrast, measures of central executive
function or cognitive control, especially the manipulation of transiently stored information, are
clearly disturbed in subjects with schizophrenia (Cannon et al., 2005; Tan et al., 2005). Thus,
the widely-reported alterations in working memory function in schizophrenia may be
considered representative of deficits in a larger class of cognitive control processes.

Working memory impairments in schizophrenia are accompanied by altered activation of the
dorsolateral prefrontal cortex (DLPFC), a brain region known to be associated with cognitive
control (Goldman-Rakic, 1999; Weinberger et al., 2001; Callicott et al., 2003). For example,
under appropriate conditions of cognitive activation, decreased blood flow or glucose
utilization in the DLPFC appears to be a robust finding in schizophrenia (Weinberger et al.,
1986; 1988; Taylor, 1996), although these disturbances are less reliably found in the resting
state (Buchsbaum, 1990; Andreasen et al., 1992; Gur and Gur, 1995). Most interpretations of
these results converge on the idea that DLPFC dysfunction in schizophrenia is task-specific
and related to working memory impairment or cognitive control (Goldman-Rakic, 1987; Carter
et al., 1998; Smith and Jonides, 1999). Studies examining neural activity using fMRI indicate
that during working memory tasks, subjects with schizophrenia exhibit an altered relationship
between working memory load, behavioral performance and DLPFC activation (Van
Snellenberg et al., 2006). Although a direct experimental demonstration is still needed, the
available data are consistent with the hypothesis that subjects with schizophrenia exhibit a left-
shifted, inverted-U function between task difficulty and DLPFC activation (Callicott et al.,
2003; Manoach, 2003). That is, schizophrenia is not associated with a simple increase or
decrease in the degree of DLPFC activation while performing a working memory task; instead,
subjects with schizophrenia exhibit greater DLPFC activation at relatively low working
memory loads and relatively intact performance, but reduced activation at relatively high loads
and impaired performance, perhaps reflecting differences in how subjects manage the demands
of the task.

Several findings support the relevance of these alterations in DLPFC function to the disease
process of schizophrenia. First, subjects with other psychotic disorders (MacDonald et al.,
2005) or major depression (Barch et al., 2003) show normal activation of the DLPFC when
performing working memory tasks, which indicates that the abnormalities observed in

Neurotox Res. Author manuscript; available in PMC 2010 June 14.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lewis et al.

Page 3

schizophrenia are, at least in part, specific to the clinical syndrome of schizophrenia. Second,
deficits in activation of the DLPFC, but not of other cortical regions, during working memory
tasks predict the severity of cognitive disorganization symptoms in subjects with schizophrenia
(Perlstein et al., 2001). Third, reduced working memory capacity has been suggested to be rate
limiting in the performance of other cognitive tasks in schizophrenia (Silver etal., 2003). Thus,
working memory deficits seem to be a central feature of schizophrenia, and identifying the
neural alterations in the DLPFC that produce these functional alterations is essential for
understanding the underlying disease process.

GABA Neurotransmission and DLPFC Dysfunction in Schizophrenia

The dysfunction of the DLPFC in schizophrenia could reflect, at least in part, disturbances in
inhibitory circuitry mediated by GABA-containing interneurons (Lewis et al., 2005) since
studies in monkeys indicate that normal working memory function depends upon GABA.-
mediated circuitry in the DLPFC (Sawaguchi et al., 1989; Rao et al., 2000). The idea that
alterations in GABA neurotransmission might contribute to cortical dysfunction in
schizophrenia was initially suggested by findings of decreased glutamic acid decarboxylase
(GAD) activity (Bird et al., 1979) and decreased GABA reuptake (Simpson et al., 1989) in
postmortem studies. Over the past decade, studies across multiple labs, using DNA microarray,
real-time quantitative PCR or in situ hybridization, have consistently found reduced levels of
the transcript for the 67 kilodalton isoform of glutamic acid decarboxylase (GAD67), the
principal synthesizing enzyme for GABA, in the DLPFC of subjects with schizophrenia
(Akbarian et al., 1995; Guidotti et al., 2000; Mirnics et al., 2000; Volk et al., 2000; Vawter et
al., 2002; Hashimoto et al., 2005; 2008; Straub et al., 2007). Indeed, reduced GAD67 mRNA
expression in the DLPFC is perhaps the most widely and consistently replicated pathological
disturbance in schizophrenia (Torrey et al., 2005; Akbarian and Huang, 2006). The deficit in
GAD67 mRNA seems to be accompanied by a corresponding decrease in the cognate protein,
although this has been less extensively studied (Guidotti et al., 2000). In contrast, cortical
mRNA and protein levels of the other synthesizing enzyme for GABA, GADG5, are not
changed in schizophrenia (Guidotti et al., 2000), nor is the density of GAD65-immunoreactive
axon terminals (Benes et al., 2000). GAD67 accounts for the majority of GABA synthesis in
the cortex (Mason et al., 2001; Battaglioli et al., 2003), whereas GADG65 contributes to GABA
synthesis only under conditions of high synaptic demand (Battaglioli et al., 2003; Patel et
al., 2006). Consistent with these findings, elimination of the GADG5 gene in mice does not
alter cortical levels of GABA (Asada et al., 1996), whereas reductions in GAD67 mRNA are
associated with marked decreases in cortical GAD activity and GABA content (Asada et al.,
1997). In addition, levels of the mRNA for the GABA membrane transporter (GAT1), a protein
responsible for reuptake of released GABA into nerve terminals, is also decreased in the
DLPFC of subjects with schizophrenia (Ohnuma et al., 1999; Volk et al., 2001; Hashimoto et
al., 2008). In concert, these findings suggest that schizophrenia is accompanied by reductions
in both the synthesis and re-uptake of cortical GABA.

As in other cortical regions and species (McBain and Fisahn, 2001; Markram et al., 2004),
GABA neurons in the primate DLPFC comprise subclasses that can be distinguished on the
basis of molecular, electrophysiological and anatomical properties. For example, the calcium-
binding proteins, parvalbumin (PV) and calretinin (CR), and the neuropeptide somatostatin
(SST) are, with a few exceptions, expressed in separate populations of primate cortical GABA
neurons (Condé et al., 1994; Gabbott and Bacon, 1996; DeFelipe, 1997). These subtypes tend
to exhibit different membrane firing properties (Kawaguchi and Kubota, 1993; Krimer et al.,
2005; Zaitsev et al., 2005) and to have axons with different arborization patterns and synaptic
targets (DeFelipe, 1997). For example, the axon terminals of fast-spiking, PV-containing
chandelier and basket neurons principally target the axon initial segments and cell body/
proximal dendrites, respectively, of pyramidal neurons (Williams et al., 1992; Melchitzky et
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al., 1999), the low-threshold spiking, SST-containing Martinotti cells innervate the distal
dendrites of pyramidal neurons (DeLima and Morrison, 1989; Kawaguchi and Kubota, 1996;
Ma et al., 2006), and GABA neurons that express CR (Condé et al., 1994; Gabbott and Bacon,
1996) have a regular-spiking, adaptive firing pattern (Kawaguchi, 1995; Zaitsev et al., 2005)
and give rise to axon terminals that target other GABA neurons or the dendritic spines and
shafts of pyramidal cells (Melchitzky et al., 2005). Thus, the functional consequences of a
deficit in GADG67 in schizophrenia depend on the specific subpopulations of GABA neurons
that are affected.

At the cellular level, the density of neurons with detectable levels of GAD67 mRNA was
significantly decreased in schizophrenia subjects (Akbarian et al., 1995; Volk et al., 2000),
whereas in neurons with detectable levels of GAD67 mRNA, the expression level per neuron
did not differ from control values (\Volk et al., 2000). These observations suggest that the
majority of DLPFC GABA neurons express normal levels of GAD67 mRNA in subjects with
schizophrenia, but approximately 25-35% of GABA neurons lack detectable levels of this
transcript. Levels of PV mRNA, which is expressed in ~25% of primate DLPFC GABA
neurons (Condé et al., 1994), were significantly decreased in layers 3 and 4, but not in layers
2 or 5-6, of the DLPFC in subjects with schizophrenia (Hashimoto et al., 2003). The expression
of PV mRNA per neuron was significantly decreased, but neither the density of neurons with
detectable levels of PV mRNA nor the density of PV-immunoreactive neurons (Woo et al.,
1997; Beasley et al., 2002) was changed in subjects with schizophrenia. These findings indicate
that the neurons are still present and suggest that GAD67 mRNA expression is markedly
reduced in PV-expressing neurons that also have reduced, but still detectable, levels of PV
mRNA. This interpretation was confirmed by dual label in situ hybridization studies which
found that ~50% of PV mRNA+ neurons lacked detectable levels of GAD67 mRNA in the
DLPFC of subjects with schizophrenia (Hashimoto et al., 2003). In contrast, neither the
expression of calretinin (CR) mRNA (which is found in ~50% of primate DLPFC GABA
neurons (Condé et al., 1994)), the density of CR-immunoreactive neurons, nor the density of
CR-immunoreactive axon terminals was changed in subjects with schizophrenia (Woo et al.,
1997; Cotter et al., 2002; Hashimoto et al., 2003). These cell type-specific differences have
been suggested to be a consequence of hypofunction of the NMDA receptor on PV neurons in
schizophrenia (Lisman et al., 2008), but other findings suggest that the effects of NMDA
receptor antagonists on the phenotype of cortical PV neurons are more likely to be mediated
by NMDA receptors on other neurons (Gonzalez-Burgos and Lewis, 2008). In either case, it
is important to note that abnormalities in PV neurons alone might not completely account for
the deficits in expression of GAD67 and GAT1 mRNAs, as such changes were also observed
in cortical layers 1, 2 and 5, where relatively few PV-expressing GABA neurons are located
(Condé et al., 1994), and where no changes in the expression of PV mRNA were found
(Hashimoto et al., 2003).

Inaddition, the levels of GABA receptors in the DLPFC also appear to be abnormal in subjects
with schizophrenia. For example, increased musci-mol-binding in pyramidal neuron cell
bodies (Hanada et al., 1987; Benes et al., 1996) and increased GABA receptor a2 subunits
in the axon initial segments of pyramidal neurons (Volk et al., 2002) might represent
compensatory receptor upregulation in response to decreased GABA release from GABA
neurons, especially those that express PV (Lewis et al., 2005). However, the reports of
decreased mRNA levels for the GABA receptor y2 and & subunits (Huntsman et al., 1998;
Vawter et al., 2002) suggest that the downregulation of GABA, receptors containing these
subunits might also contribute to disturbances in DLPFC inhibitory circuitry in schizophrenia.
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Alterations in Markers of GABA Neurotransmission are Cell and Receptor Subtype Specific

Together, the findings reviewed above suggested that the working memory impairments and
DLPFC dysfunction in schizophrenia might reflect shifts in the expression of genes that encode
selective presynaptic and postsynaptic components of GABA neurotransmission, but that the
extent of the abnormalities might be broader than those described above. Consistent with this
hypothesis, we found selective transcript alterations in the DLPFC of subjects with
schizophrenia in a study of 80 GABA-related transcripts using a customized DNA microarray
platform with enhanced sensitivity (Hashimoto et al., 2008). Specifically, we found significant
expression deficits of GABA-related mRNAs whose protein products can be classified into
three groups: 1) presynaptic regulators of GABA neurotransmission (GAD67 and GAT1), 2)
neuropeptides [somatostatin (SST), neuropeptide Y (NPY) and cholecystokinin (CCK)], and
3) GABA receptor subunits (al, a4, B3, y2 and 3). These differences by microarray were
confirmed by parallel studies using real-time gPCR and/or in situ hybridization in the same
subjects.

These gene expression deficits appear to reflect the disease process of schizophrenia, or at least
not to be the consequence of other factors commonly associated with the illness, such as
treatment with antipsychotic medications. For example, the expression of GAD67, GAT1 and
SST mRNAs was unaltered in the DLPFC of monkeys chronically exposed to haloperidol and
benztropine (Volk et al., 2000; 2001; Morris et al., 2008); long-term exposure of monkeys to
typical (haloperidol) or atypical (olanzapine) antipsychotics did not alter mRNA levels for
GADG67, SST, or GABA al subunit in the DLPFC (Hashimoto et al., 2008); and subjects
with schizophrenia who were not receiving antipsychotics at the time of death all showed
decreased expression for the 10 GABA-related transcripts mentioned above (Hashimoto et
al., 2008). Furthermore, the deficits in expression of these GABA-related transcripts is unlikely
to be due solely to substances that influence GABA neurotransmission, such as alcohol,
benzodiazepines, and valproic acid, because we did not observe a significant difference in
expression changes for any transcripts between the subject pairs with or without a comorbid
alcohol disorder or those with or without the use of benzodiazepines and/or valproic acid in
the schizophrenia subjects at the time of death (Hashimoto et al., 2008).

The within subject pair differences in transcript levels were significantly correlated between
GADG67 and SST (r=0.71, P <0.005), GAD67 and NPY (r=0.72, P <0.004), and SST and NPY
(r=0.81, P <0.001), suggesting that GAD67 mRNA expression is also decreased in the subset
of GABA neurons that express both SST and NPY (Hendry et al., 1984; Kubota et al., 1994).
Thus, the presence of SST- and NPY-containing neurons predominantly in layers 2 and 6
(Hendry et al., 1984; Kubota et al., 1994) may account for the deficits in GAD67 mRNA
expression in these layers that cannot be explained by the expression deficits in PV-containing
neurons.

The idea that the deficit in SST mMRNA expression is restricted to a subset of those neurons
was supported by in situ hybridization studies which revealed that SST mRNA levels were
significantly lower in DLPFC layers 2 - superficial 6 of subjects with schizophrenia, but not
in layer 1, deep layer 6 or the underlying white matter (Morris et al., 2008). Interestingly, this
pattern corresponds to differences in developmental birthdates of subsets of SST neurons.
Specifically, the proliferation of early germinal zones over successive rounds of cell division
during cortical development gives rise to post-mitotic migratory neurons. The earliest
generated cells comprise the preplate which, later in development, is split into the marginal
zone (adult layer 1) and the subplate (adult deep layer 6 and superficial white matter) by the
later born neurons of the cortical plate (adult layers 2 - superficial 6) (Kostovic and Rakic,
1980; Luskin and Shatz, 1985; Chun and Shatz, 1989; Bayer and Altman, 1990). Thus, it
appears that the subpopulation of the early generated preplate neurons that expresses SST
(Chun and Shatz, 1989) and resides in layer 1, deep layer 6 and the superficial white matter
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are not affected in schizophrenia, whereas the later developing cortical plate neurons that
express SST mRNA are affected.

Given that the cortical plate forms during the second trimester of gestation, these findings raise
the possibility that the alterations in SST neurons reflect the effect of adverse environmental
events during that time frame [e.g., maternal influenza (Brown, 2006)] that have been
associated with an increased risk for schizophrenia. However, because early developmental
insults appear to be neither necessary nor sufficient in the etiology of schizophrenia (Lewis
and Levitt, 2002), other factors must also be contributory. For example, both SST- and PV-
containing cortical GABA neurons are affected in schizophrenia, whereas those that contain
CR are not. Thus, factors shared by SST and PV neurons but that differ from CR neurons
[e.g., place and timing of neuron birth, transcription factors regulating cell fate, etc; see
Wonders and Anderson (2006) for review] might also contribute to cell type-specific
vulnerability. Of course, other features intrinsic to, or associated with, the connectivity of adult
SST and PV cortical neurons might contribute to their greater vulnerability relative to other
SST neurons. For example, approximately 50% of SST neurons, and many PV neurons, express
trkB (Gorba and Wahle, 1999), the principal receptor of BDNF, whereas CR neurons do not.
Interestingly, mice with genetically engineered reductions in the expression of trkB mRNA
have significantly lower levels of cortical SST, PV and GAD67 mRNAs, but no change in CR
mRNA expression. Given that the expression level of trkB mRNA (Hashimoto et al., 2005;
Weickert et al., 2005) is reduced in the DLPFC of subjects with schizophrenia, reduced
neurotrophin signaling through the trkB receptor might be an “upstream” event that contributes
to reduced expression of SST, PV and GAD67 mRNAs in the illness.

Interneurons that contain both SST and NPY include the Martinotti cells that give rise to axons
which project to layer 1 where they synapse on the apical dendrites of pyramidal neurons
(Kawaguchi and Kubota, 1997; Reyes et al., 1998; Gibson et al., 1999; Ma et al., 2006). Thus,
disturbances in the SST/NPY-containing Martinotti class of GABA neurons could contribute
to the dysfunction of DLPFC circuitry associated with working memory impairments in
schizophrenia. For example, disturbances in sensory-gating in schizophrenia have been
correlated with impaired working memory performance (Silver and Feldman, 2005), consistent
with the idea suggesting that the inability to filter distracting stimuli disrupts working memory
(Miller and Cohen, 2001). In computational models, GABA neurons that target pyramidal
neuron dendrites protect against distracting stimuli by boosting the inhibition on dendrites of
nearby pyramidal neurons that are selective for other stimuli (Wang et al., 2004). Similarly,
experimental studies have shown that high frequency trains from pyramidal neurons produce
facilitating excitatory inputs to Martinotti cells that, by virtue of their synapses onto the
dendrites of neighboring pyramidal neurons, cause disynaptic inhibition (Silberberg and
Markram, 2007). Together, these findings suggest that Martinotti cells, by mediating the
disynaptic inhibition of neighboring pyramidal neurons selective for other stimuli, can filter
distracting stimuli during working memory tasks. Consequently, dysfunction of SST/NPY-
containing Martinotti cells in schizophrenia could contribute to working memory impairments.

CCK is heavily expressed in GABA neurons that do not contain PV or SST (Lund and Lewis,
1993; Kawaguchi and Kondo, 2002), but that do express the cannabinoid 1 (CB1) receptor.
The highly correlated within subject pair expression differences between CCK and GAD67
(r=0.84, P <0.001) suggest a deficit in GABA synthesis in CCK-containing GABA neurons.
Interestingly, levels of CB1 receptor mRNA and protein were also reduced in the same subjects
with schizophrenia, suggesting that the down regulation of this receptor, whose activation
powerfully suppresses GABA release, could partially compensate for a deficit in GABA
synthesis (Eggan et al., 2008). The axon terminals of CCK-positive basket neurons converge
with those from PV-containing neurons on the perisomatic domain of pyramidal neurons
(Kawaguchi and Kondo, 2002). Interestingly, recent studies indicate that CCK enhances the
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output of PV-containing basket neurons, while concurrently suppressing GABA release from
CCK-containing basket neurons (Foldy et al., 2007; Karson et al., 2008). Thus, alterations in
CCK may alter the balance between these two sources of perisomatic inputs to pyramidal
neurons (Freund and Katona, 2007) and contribute to alterations in the neural synchrony in the
DLPFC that are associated with normal working memory function (Lewis et al., 2005).

The deficits in expression of specific subunits of GABA receptors suggest that both phasic
and tonic inhibition may be altered in the DLPFC of subjects with schizophrenia. On the other
hand, no changes in transcripts for GABAB receptors were observed, although a reduction in
cortical GABAg receptor 1 protein levels in schizophrenia have been reported (Ishikawa et
al., 2005). The al and y2 GABA subunits co-assemble into receptors that are enriched in
postsynaptic sites where they mediate phasic inhibition (Nusser et al., 1998; Mangan et al.,
2005). On the other hand, GABA receptors containing the & subunit are selectively localized
to extrasynaptic sites (Nusser et al., 1998; Wei et al., 2003; Mangan et al., 2005) where, by
virtue of their high affinity for GABA, they mediate the tonic inhibition provided by ambient
levels of GABA in extracellular space (Wei et al., 2003; Farrant and Nusser, 2005).
Interestingly, the within subject pair expression differences were significantly correlated
between ol and y2 (r=0.84, P <0.001), a1 and & (r=0.81, P <0.001), and y2 and & (r=0.85, P
<0.001) mRNAs (Hashimoto et al., 2008). Given the predominant localization of the al, y2,
and & subunits to dendrites (Hendry et al., 1994; Fritschy and Mohler, 1995), the highly
correlated expression deficits for these transcripts suggest coordinated downregulation of
GABA receptors mediating phasic and tonic inhibition in the dendritic domain of DLPFC
pyramidal neurons in schizophrenia. In contrast, the differences in tissue levels of these subunit
mRNAs were not correlated with any of the presynaptic transcripts that were altered in
schizophrenia (Hashimoto et al., 2008), suggesting that distinct processes contribute to these
abnormalities. Consistent with this hypothesis, variants in the GABA, receptor al subunit
gene have been associated with both schizophrenia and altered expression levels of the al
subunit mRNA (Petryshen et al., 2005). Furthermore, a targeted deletion of the GABAA
receptor a1 subunit gene in mice resulted in altered cortical expression of other GABAA
receptor subunits, such as increased o2 and decreased y2 protein levels, as well as decreased
levels of SST mRNA (Kralic et al., 2002; Ponomarev et al., 2006). Together, these findings
suggest that the deficit in al subunit expression could be a causal process for at least some of
the GABA-related gene expression changes in the DLPFC of subjects with schizophrenia.

Conclusion

Although the functional significance of these alterations in GABA-related transcript levels
depends on the extent to which they are translated into changes at the level of the cognate
proteins, these findings inform our understanding of the nature and extent of altered GABA
neurotransmission in the DLPFC of subjects with schizophrenia (FIG. 1). The deficits in
expression of GAD67, GAT1 and PV mRNAs in PV-containing GABA neurons in the DLPFC
of subjects with schizophrenia (Volk et al., 2000;2001;Hashimoto et al., 2003) are associated
with lower levels of GAT1 protein in the presynaptic terminals of PV-containing chandelier
neurons (Pierri et al., 1999) and the upregulation of GABA receptor a2 subunit in the
postsynaptic axon initial segments of pyramidal neurons (Volk et al., 2002). Although the CR-
containing GABA neurons appear to be unaffected, alterations in GABA neurotransmission
do appear to be present in SST/NPY-containing Martinotti cells and CCK-containing basket
neurons, which predominately target the distal dendrites and cell bodies of pyramidal neurons,
respectively. Furthermore, gene expression deficits for al and y2 GABAA receptor subunits
and for 6 and a4 subunits suggest decreased synaptic (phasic) and extrasynaptic (tonic)
inhibition, respectively, in pyramidal neuron dendrites. GABA-mediated regulation at the
dendritic domain of pyramidal neurons is important for the selection and integration of
excitatory inputs from different cortical and subcortical areas, whereas GABA inputs at the
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perisomatic domain, including the axon initial segment and cell body, are critical for control
of the timing and synchronization of pyramidal neuron firing (Markram et al., 2004;Somogyi
and Klausberger, 2005;Freund and Katona, 2007). Therefore, the findings summarized in FIG.
1 suggest altered GABA-mediated regulation of both inputs to and outputs from DLPFC
pyramidal neurons in subjects with schizophrenia. These alterations are certain to affect
information processing in DLPFC circuitry and thus are likely to be major contributors to the
working memory impairments in this illness. Understanding the interactions between, and the
pathophysiological consequences of, these alterations in markers of GABA neurotransmission
may lead to the identification of new drug targets for improving the cognitive deficits of
schizophrenia.
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FIGURE 1.

Schematic summary of some alterations in GABA-mediated circuitry in the DLPFC of subjects
with schizophrenia. Altered GABA neurotransmission by PV-containing neurons (green) is
indicated by gene expression deficits in these neurons and associated changes in their synapses,
a decrease in GAT1 expression in their terminals and an upregulation of GABA receptor a2
subunit at the axon initial segments of pyramidal neurons (enlarged square). Decreased
expression of both SST and NPY mRNAs indicates alterations in SST and/or NPY-containing
neurons (blue) that target the distal dendrites of pyramidal neurons. Decreased CCK mRNA
levels, and CB1 receptor mRNA and protein levels, indicate an alteration of CCK-containing
large basket neurons (purple) that represent a separate source of perisomatic inhibition from
PV-containing neurons. Gene expression in CR-containing GABA neurons (red) does not seem
to be altered. These changes appear to be accompanied by a downregulation of GABAA
receptor subunits, including the a1 and a2 subunits present in receptors that mediate synaptic
(phasic) inhibition and the a4 and & subunits present in receptors that mediate extrasynaptic
(tonic) inhibition. G, generic GABA neuron; P, pyramidal neuron; I-1V, layers of the DLPFC.
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