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Abstract

Deficits in cognitive control, a core disturbance of schizophrenia, appear to emerge from impaired
prefrontal gamma oscillations. Cortical gamma oscillations require strong inhibitory inputs to
pyramidal neurons from the parvalbumin basket cell (PVBC) class of GABAergic neurons. Recent
findings indicate that schizophrenia is associated with multiple pre- and post-synaptic
abnormalities in PVBCs, each of which weakens their inhibitory control of pyramidal cells. These
findings suggest a new model of cortical dysfunction in schizophrenia in which PVBC inhibition
is decreased to compensate for an upstream deficit in pyramidal cell excitation. This compensation
is thought to re-balance cortical excitation and inhibition, but at a level insufficient to generate the
gamma oscillation power required for high levels of cognitive control.

Introduction

Psychosis (e.g., hallucinations, delusions and disorganized behavior) is the most striking
clinical feature of schizophrenia, but impairments in cognition are now recognized as the
core domain of dysfunction in the illness [1]. Cognitive deficits are present and progressive
years before the onset of psychosis [2], and the degree of cognitive impairment is the best
predictor of long-term functional outcome [3]. The range of cognitive deficits in
schizophrenia suggests an overarching alteration in cognitive control, the ability to adjust
thoughts or behaviors in order to achieve goals [4]. Cognitive control depends on the
coordinated activity of a number of brain regions, including the dorsolateral prefrontal
cortex (DLPFC) [5], and gamma frequency (30-80 Hz) oscillations in DLPFC neural
networks are thought to be a key neural substrate for cognition [6]. Consistent with these
observations, when performing tasks that require cognitive control, individuals with
schizophrenia exhibit altered activation of the DLPFC [7] and lower power of frontal lobe
gamma oscillations [8,9].

Because cortical gamma oscillations require the strong and synchronous inhibition of
networks of pyramidal neurons (see [10] for review), deficient GABA neurotransmission in
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the DLPFC has been hypothesized to contribute to altered gamma oscillations and impaired
cognition in schizophrenia [11]. Consistent with this interpretation, manipulations in animal
models that reduce GABA-mediated inhibition diminished gamma oscillations [12] and
impaired cognitive function [13-16]. In addition, in individuals with schizophrenia, negative
modulation of GABAergic neurotransmission exacerbated symptoms [17], whereas positive
modulation was associated with increased frontal lobe gamma oscillations during a cognitive
control task [18].

However, recent surprising findings regarding the functional properties of certain subtypes
of cortical interneurons and new observations regarding cell type-specific alterations in
markers of GABAergic neurotransmission in schizophrenia require a new conceptualization
of the role of altered cortical GABAergic signaling in the cognitive deficits of
schizophrenia. Consequently, here we 1) review recent findings both from cellular
physiology experiments and postmortem studies of schizophrenia that demonstrate the
limitations of existing circuitry models of cognitive dysfunction in schizophrenia based on
earlier data, 2) propose a new pathophysiological model of the role of altered GABA
neurotransmission in cortical circuitry dysfunction in schizophrenia, and 3) discuss the key
research questions raised by the new data and model.

Deficient cortical GABA synthesis is a conserved feature of schizophrenia

GABAEergic signaling is regulated in part by the enzymatic activity of two isoforms of
glutamic acid decarboxylase (GAD) which differentially contribute to GABA synthesis. In
mice, deletion of the gene for the 67 kDa isoform of GAD (GADG67) results in a 90%
reduction of brain GABA levels and is embryonically lethal [19], whereas deletion of the
GADSG5 gene is associated with only a 20% reduction in total brain GABA [20] and normal
survival. Levels of GAD67 mRNA [21] and protein [22,23] have been consistently found to
be lower in the DLPFC of subjects with schizophrenia in multiple studies using a variety of
techniques. Similar deficits in GAD67 mRNA are also present in other cortical regions
including sensory, motor and limbic regions [24-27]. In contrast, cortical expression of
GADG5 appears to be normal or only slightly altered in schizophrenia [22,28], and the
density of GADG65-labeled axon terminals in the DLPFC is unchanged [29].

The magnitude of the GADG67 deficit in schizophrenia differs substantially across
individuals, raising the question of the extent to which the deficit reflects the disease process
or co-morbid factors. Because GADG7 expression is activity-regulated [30], lower GAD67
expression in schizophrenia could reflect reduced cortical activity secondary to other factors
that accompany a chronic psychiatric illness. However, the variability in GAD67 mRNA
levels across subjects with schizophrenia is not attributable to potential confounds such as
substance abuse or antipsychotic medications, predictors (e.g., male sex, a family history of
schizophrenia, early age of onset), or measures of disease severity (e.g., suicide, lower
socioeconomic status, not living independently, and no history of marriage), or duration of
illness [23,28]. Thus, lower cortical GAD67 mRNA levels appear to be a conserved feature
that is a core common component, and not a consequence, of the disease process of
schizophrenia.

However, less GAD67 mRNA and protein does not necessarily support the conclusion that
cortical GABA levels are lower in schizophrenia. For example, GADG67 expression could be
down-regulated in response to reduced GABA metabolism; indeed, pharmacological
inhibition of GABA degradation results in elevated cortical GABA and less GADG67 protein
[31]. Unfortunately, current attempts to measure cortical GABA levels in vivo with magnetic
resonance spectroscopy (MRS) have produced mixed results in subjects with schizophrenia
[32-34]. However, lower GABA levels in the visual cortex in subjects with schizophrenia
were correlated with reductions in a behavioral measure of visual inhibition that depends on
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GABA neurotransmission [34], and frontal lobe GABA levels tended to be correlated with
working memory performance in subjects with early-stage schizophrenia [35]; both of these
findings support the idea that lower GABA synthesis in schizophrenia results in cognitive
impairments. However, because MRS assesses total tissue GABA levels, and not GABA
levels in synaptic vesicles or the extracellular space, the relevance of MRS measures to
cortical GABA synthesis and transmission remains uncertain. Alternative strategies to
measure shifts in the levels of extracellular GABA are emerging and preliminary findings
support a positive relationship between the capacity to increase extracellular GABA and
physiological correlates (i.e., gamma oscillations) of cognitive control [36]. However, as
indicated in the following sections, in vivo methods that can assess the synthesis and release
of GABA from particular populations of interneurons may be required.

GADG67 deficit is prominent in parvalbumin (PV)-positive interneurons

Understanding the functional significance of lower cortical GAD6E7 levels requires
knowledge of the affected class of interneurons. In schizophrenia, GAD67 mRNA levels are
markedly lower only in 25-35% of DLPFC interneurons [37,38], and GAD67 mRNA is not
detectable in ~50% of the subset of interneurons that express the calcium-binding protein
parvalbumin (PV) [39]. Levels of PV mRNA are also lower in schizophrenia [24,40,41], but
the densities of neurons labeled for either PV mRNA [39] or protein [42—-44] in the DLPFC
do not differ from comparison subjects. Together, these findings suggest that the number of
cortical PV neurons is not altered in schizophrenia, but that GAD67 is markedly reduced in
a subset of these neurons. In contrast, calretinin-containing interneurons, which comprise
~45% of GABA neurons in the primate DLPFC, do not appear to be affected in the illness
[11].

Recent in vivo studies using optogenetic techniques have clearly established that activity in
PV-positive interneurons is essential for driving cortical gamma oscillations in mice [45,46],
although the particular subclass(es) of PV-positive interneurons responsible could not be
determined using this approach. Cortical PV-positive interneurons consist of two main
types: chandelier and basket cells (Figure 1). The axon terminals of PV-positive chandelier
(aka axo-axonic) cells (PVChCs) form distinctive vertical arrays (termed cartridges) that
exclusively innervate the axon initial segment (AIS) of pyramidal neurons just proximal to
the site of action potential generation. In contrast, PV-positive basket cells (PVBCs)
innervate the cell body and proximal dendrites of pyramidal neurons. In the following
sections we review recent findings indicating that the nature of the alterations in, and the
functional consequences of, schizophrenia-related molecular alterations are markedly
different for PVChCs and PVBCs. It is important to note that a number of the recent
findings cited below on the biological properties of PVChCs and PVBCs are from studies of
the rodent neocortex or hippocampus, and thus, the extent to which they are generalizable to
the primate DLPFC remains to be determined.

Alterations in PVChCs in schizophrenia: Increasing pyramidal cell excitation?

In schizophrenia, the density of PVChC axon cartridges immunoreactive for the GABA
membrane transporter 1 (GAT1) is reduced in DLPFC layers 2-4 [47,48] (Figure 1). In
layers 2 and superficial 3 of subjects with schizophrenia, the lower density of GAT1-labeled
cartridges is inversely correlated with an increase in the density of AlSs that are
immunoreactive for the a2 subunit of the GABAA receptor [49] (Table 1). Consistent with
these findings, GABAA a2 subunit mRNA levels are elevated in the same laminar location
in schizophrenia [50]. The decrease in pre-synaptic GAT1 protein and increase in
postsynaptic GABA, a2 receptor protein levels were interpreted as coordinated
compensations to a P\VChC deficit in GABA synthesis in schizophrenia which, by reducing
GABA re-uptake and increasing the probability of receptor binding, respectively, would
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strengthen GABA signaling [11]. However, although GAD67 mRNA expression has been
shown to be lower in PV neurons [39], GAD67 mRNA and protein levels have not been
assessed specifically in PVChCs or their axon cartridges in schizophrenia.

Given the presumed potent inhibitory regulation of pyramidal neurons by PVChCs, deficient
GABA neurotransmission from PVChCs was previously postulated to be the neural
substrate for the lower frontal lobe gamma band power observed during cognitive control
tasks in schizophrenia [11]. However, recent findings raise questions about this
interpretation. For example, rather than providing the strong hyperpolarization of pyramidal
neuron networks required for gamma oscillations, recent findings indicate that the synaptic
inputs from neocortical chandelier cells are actually depolarizing in some cases. For
example, stimulation of neocortical chandelier cells can initiate spikes in postsynaptic
pyramidal cells [51]. This excitatory effect may be due to much lower levels of the K*-
Cl~co-transporter 2 (KCC2), which extrudes chloride, at the AlS relative to the soma or
dendrites [51,52]. The resulting higher intracellular levels of chloride in the AIS would lead
to the flow of chloride out of, rather than into, the AIS when GABA receptors are
activated, depolarizing the membrane. Indeed, under experimental conditions that preserve
the physiological intracellular chloride concentration, PVChC inputs depolarize postsynaptic
pyramidal neurons, whereas inputs from PVBCs are, as expected, hyperpolarizing [51,53].

Other recent findings also raise questions about the role of PVChCs in the generation of
gamma oscillations. For example, gamma oscillations require a fast decay of the inhibitory
postsynaptic current in pyramidal cells, and the duration of this postsynaptic inhibitory
current depends on the subunit composition of the GABAA receptors that mediate it [54];
the kinetics of the a2 subunit-containing GABAA receptors post-synaptic to PVChCs appear
to be too slow to drive a circuit at gamma frequency [10]. In addition, the firing of PVVChCs
in the rodent hippocampus is not strongly coupled to the gamma oscillation cycle [55], but is
strongly coupled to the much slower cycle of theta oscillations (reviewed in [56]).

Alterations in PVBCs in schizophrenia: Decreasing pyramidal cell inhibition?

The PV neurons with reduced GAD67 mRNA expression in schizophrenia do include
PVBCs, as lower GADG67 protein levels have been found in PVBC axon terminals
(identified by excluding PVChCs axon cartridges) in DLPFC layers 3—4 in subjects with
schizophrenia [23] (Figure 2). The cell type-specificity of this finding was supported by the
observation that the GADG7 protein deficit in these terminals was ~10x greater than in total
DLPFC gray matter from the same subjects [23]. Thus, although not conclusive, the existing
data suggest that the GADG67 deficit in schizophrenia may be specific to, or at least
particularly pronounced in, PVBCs. In contrast, GAT1 protein levels do not appear to be
altered in the axon terminals of PVBCs in schizophrenia [47], suggesting that GABA uptake
is not reduced in these terminals as it is in PVChC axon cartridges.

In addition to the evidence for lower GABA synthesis in PVBCs, postsynaptic findings in
pyramidal cells also support a role for weaker inhibitory inputs from PVBCs in the
pathophysiology of DLPFC dysfunction in schizophrenia. These inputs are principally
mediated by al-containing GABA, receptors in hippocampal pyramidal cells [57,58]. Most
[24,28,50,59], but not all [60], well-controlled studies have reported lower levels of GABAA
al subunit mRNA in the DLPFC of schizophrenia subjects, with this decrease most
prominent in layers 3 and 4 [50]. Expression of the GABA receptor B2 subunit, which
preferentially assembles with a1 subunits [61], was also lower selectively in layers 3—4 [50].
In contrast, other GABA receptor subunits were unchanged in layer 3 (or showed a
different laminar pattern of altered expression) [50,59,62]. Within DLPFC layer 3, cellular
level analyses revealed that a1 subunit mMRNA expression was markedly lower in pyramidal
cells (Figure 2), but was unaltered in interneurons [63]. However, whether these expression
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changes are associated with alterations in the number of membrane-bound GABAA
receptors [64] containing a1 and B2 subunits remains to be determined.

Lower pyramidal cell al subunit expression could indicate a lower number of inputs from
PVBC axons in schizophrenia, an interpretation consistent with the lower density of PV-
immunoreactive axon terminals in the same laminar location [65]. Whether this deficit
reflects fewer PVBC terminals or fewer PV-containing axonal projections from the thalamus
remains unresolved [65]. Interestingly, genetic reductions of GADG67 in PV interneurons
during development result in less PVBC axonal arborization and synapse formation [66].
Thus, the undetectable levels of GAD67 mRNA in ~50% of DLPFC PV interneurons in
schizophrenia [39], if present early in life, could lead to fewer PVBC axon terminals, and
thus fewer synapses needing GABA, ol receptors in postsynaptic cells. However,
diminished PVBC axonal arbors would be expected to affect all postsynaptic cells, including
other interneurons [67]. Since al subunit mRNA levels in interneurons were not altered in
schizophrenia [63], the reductions in both GAD67 and GABAA, ol levels are likely to be
attributable to some other common factor.

In addition to lower levels of these pre- and post-synaptic mediators of PVBC inputs to
DLPFC layer 3 pyramidal neurons, several other findings suggest that inhibitory inputs from
PVBCs are weaker in schizophrenia. First, the extent to which DLPFC pyramidal neurons
can be hyperpolarized may be lower in schizophrenia. The strength of the postsynaptic
response to GABA depends on the driving force for the influx of chloride when GABAA
receptors are activated. Intracellular chloride levels are determined by the balance of activity
between the chloride transporters N*-K*-Cl™-cotransporter 1 (NKCC1) and KCC2 which
mediate chloride uptake and extrusion, respectively [68]. The expression of these
transporters is not altered in the DLPFC of subjects with schizophrenia [69,70], but two
kinases OXSR1 (oxidative stress response kinase) and WNK3 [with no K (lysine) protein
kinase] that phosphorylate both chloride transporters are markedly over-expressed in
schizophrenia [69]. Interestingly, protein levels of OXSR1 are most prominent in layer 3
pyramidal neurons in the DLPFC [69]. Assuming that the elevated levels of OXSR1 and
WNKS3 expression represent greater kinase activity, then increased phosphorylation of the
chloride transporters would decrease the activity of KCC2 and increase the activity of
NKCC1, resulting in elevated chloride levels in layer 3 pyramidal neurons in schizophrenia
(Figure 2). As a result, the gradient for chloride entry associated with activation of GABAa
receptors would be reduced, resulting in less hyperpolarization of layer 3 pyramidal neurons
when GABA is released from PVBCs.

Second, other molecular alterations in schizophrenia point to both reduced activity of, and a
suppression of GABA release from, PVBCs. For example, p opioid receptors are present on
the perisomatic region and axon terminals of hippocampal PV neurons [71,72]. Stimulation
of the perisomatic p opioid receptors activates G protein-coupled inwardly rectifying
potassium channels, hyperpolarizing the cell body [73,74]; stimulation of p opioid receptors
on axon terminals suppresses vesicular GABA release [75,76]. Consistent with the role of
PVBC firing and GABA neurotransmission in generating gamma oscillations, stimulation of
p opioid receptors disrupts neural network activity at gamma frequencies in the
hippocampus [55]. In the DLPFC of subjects with schizophrenia, p opioid receptor transcript
levels are higher than in healthy comparison subjects (Figure 1), a difference not attributable
to psychotropic medications or other factors co-morbid with schizophrenia [77]. In contrast,
other markers of opioid signaling (e.g., 6 and k opioid receptors, proenkephalin,
prodynorphin) are not altered in the illness [77,78]. Thus, by both reducing the activity of
PVBCs and suppressing GABA release from their axon terminals, elevated levels of p
opioid receptors in schizophrenia could serve as yet another means of weakening PVBC
inhibition of pyramidal neurons (Figure 2).
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Third, the activity of PVBCs is also regulated by inputs from cholecystokinin (CCK)-
positive basket cells via CCK2 receptors. CCK stimulates the activity of, and GABA release
from, PV cells in the hippocampus [79-81]. Thus, the observed down-regulation of CCK
MRNA expression in schizophrenia [28,41] might also contribute to weaker PVBC inputs to
pyramidal neurons (Figure 1). Interestingly, recent studies in monkey DLPFC indicate that
the terminals of CCK basket neurons (at least the subclass that also expresses the
cannabinoid 1 receptor) principally contain GADG65, and not GADG7, protein [82]. Thus,
because cortical expression of GADG5 appears to be normal or only slightly altered in
schizophrenia [22,28], GABA neurotransmission may not be altered in CCK neurons; the
positive correlation between the deficits in GAD67 and CCK mRNAs in schizophrenia
[22,28] may reflect their shared downregulation in different cell types in response to an
upstream reduction in cortical excitation (Box 1).

Box 1
Balancing cortical excitation and inhibition in schizophrenia

The dynamic balance between excitation and inhibition (E/I balance) allows activity to
propagate through local cortical networks without either dying out or increasing
uncontrollably [94]. E/I balance is maintained in the face of perturbations in circuit
activity [102], at least in part, by reciprocal, sustained adjustments in the levels of
excitatory and inhibitory synaptic transmission through a process termed synaptic scaling
or homeostatic synaptic plasticity [94,103,104]; that is, the amplitudes of excitatory and
inhibitory postsynaptic currents are independently adjusted via scaled changes in the
neurotransmitter content of synaptic vesicles and in the density of postsynaptic receptors
(eg. [104] and reviewed in [104,105].

In schizophrenia, current findings suggest the hypothesis that the pre- and postsynaptic
strength of PV basket cell inputs to pyramidal neurons is a downstream response to
maintain E/I balance in the face of persistently lower DLPFC network excitatory activity.
The idea of an upstream deficit in cortical excitatory activity is supported by evidence
that schizophrenia is associated with an intrinsic deficit in excitatory drive to layer 3
pyramidal neurons. The density of dendritic spines, which reflect the number of
glutamatergic synapses to pyramidal cells, is significantly decreased in schizophrenia,
and this deficit is most pronounced in DLPFC deep layer 3 and present to a milder degree
in superficial layer 3 [106,107]. In addition, the somal size [108,109] and dendritic tree
[106] of layer 3 pyramidal neurons is smaller in schizophrenia, suggestive of a
developmental disturbance in these neurons. Consistent with this interpretation, in
cortical regions with layer 3 pyramidal neurons that are smaller and have lower spine
density in schizophrenia (e.g., the superior temporal gyrus) [109,110], gray matter
volume is lower at baseline in high risk youth [111] and progressively declines in those
who subsequently convert to psychosis [112,113].

The idea that an intrinsic deficit in excitatory drive to layer 3 pyramidal cells is an
upstream event is supported by the findings that the expression of certain gene products
[e.g., Duo, cell division cycle 42 (Cdc42)] that regulate dendritic spine formation and
maintenance are altered in schizophrenia, and these alterations are strongly correlated
with DLPFC layer 3 spine deficits [114]. The particular prominence of the deficit in
dendritic spines on layer 3 pyramidal neurons may reflect the layer specificity of certain
molecular abnormalities. For example, Cdc42 effector protein 3 (Cdc42EP3) mRNA,
which is preferentially expressed in layer 3 of human DLPFC [115], is upregulated in
schizophrenia [116]. The activation of Cdc42 by glutamate stimulation is thought to
inhibit Cdc42EP3 activity which in turn dissociates the complex of septin filaments in
spine necks, enabling the movement from the parent dendrite of molecules required for
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synaptic potentiation [116]. Thus, lower levels of Cdc42 and higher levels of Cdc42EP3
might lead to a reduced capacity for glutamatergic stimuli to open the septin filament
barrier in the spine neck, resulting in impaired synaptic plasticity and spine loss.

Thus, intrinsic deficits in dendritic spines resulting in lower activity of layer 3 pyramidal
neurons might represent an upstream pathology that induces a number of homeostatic
responses (Figure 1) to reduce PVBC inhibition of pyramidal neurons in order re-balance
network levels of excitation and inhibition.

Role of PVBCs in lower DLPFC gamma oscillation power in schizophrenia

The findings summarized above suggest that a number of molecular alterations in different
cell types converge to weaken PVBC inputs to pyramidal neurons in DLPFC layer 3 in
schizophrenia. Interestingly, PVBCs play a critical role in the generation of cortical gamma
band oscillations [10,45,46]. For example, the al-containing GABA receptors that are
postsynaptic to PVBCs inputs in hippocampal pyramidal cells produce currents with a decay
period appropriate for gamma oscillations [10]. In addition, electrophysiological findings in
the hippocampus indicate that PVVBC firing is more strongly coupled to the gamma
oscillation cycle than is the firing of PVChCs or CCK basket cells [55]. Furthermore,
gamma oscillations are significantly reduced by stimulation of the presynaptic p opioid
receptors that suppress GABA release from PVBCs, but not from PVChCs or CCK basket
cells [55].

Thus, the multiple alterations that weaken PVBC inhibition of pyramidal neurons could
provide the neural substrate for lower power of frontal lobe gamma band oscillations during
cognitive control tasks [8,9]. The presence of such abnormalities in both the first episode [9]
and chronic [8] phases of the illness are consistent with the idea that the alterations in
GABA markers observed in postmortem studies are not a consequence of the treatment or
chronicity of the illness [23]. Furthermore, the tendency for these alterations to be most
prominent in layer 3 is consistent with evidence that circuitry in this laminar location of the
primate neocortex is critical for both gamma oscillations [83] and for delay-dependent
cognitive control tasks [84]. These findings, though, raise the question of whether the
multiple pre- and post-synaptic factors that lower PVBC inhibition could each represent a
different type of primary pathology, any of which could lead to impaired gamma oscillations
and the resulting cognitive control deficits in schizophrenia. However, given the frequency
of these findings in individuals with schizophrenia [23,63,69,77], and their co-occurrence in
the same individuals, it seems more likely that together they represent convergent
consequences or compensations to some common factor that is upstream in the disease
process.

PV interneurons and cortical excitatory-inhibitory balance in schizophrenia

One possible upstream factor might be the dendritic spine deficit on layer 3 pyramidal
neurons [85] which could lead to a net reduction in local DLPFC excitatory activity and
impaired gamma oscillations. According to the PING (pyramidal-interneuron network
gamma) model of gamma oscillations, PVBCs are recruited by phasic, glutamatergic inputs
from pyramidal neurons, and PVBCs provide strong and fast (i.e., GABA al-receptor
mediated) feedback inhibition to pyramidal neurons [86]. The divergent connections of
neocortical PVBCs [87] results in the simultaneous hyperpolarization of a distributed group
of pyramidal neurons, and the fast and synchronous decay of this inhibition permits the
simultaneous firing of the pyramidal cells at gamma frequency (see [10] for a review). The
strength of the excitatory inputs to PVBCs from neighboring pyramidal cells is likely to be
lower in schizophrenia since these pyramidal cells, due to a deficit in dendritic spines and
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presumably fewer excitatory inputs, are thought to be less active (Box 1). Lower expression
of the NR2A subunit of glutamatergic NMDA receptors in DLPFC layer 3 PV neurons in
schizophrenia [88] could also contribute to reduced strength of excitatory inputs to PVBCs;
interestingly, computational modeling suggests that lowering the slow excitatory current
from NMDA receptors (relative to the fast excitatory current provided by AMPA receptors)
increases gamma band power [89], suggesting that a downregulation of NMDA receptors
might represent a compensatory response in PVBCs.

The net reduction in network excitatory activity due to layer 3 pyramidal neuron spine
deficits (Box 1) might then evoke homeostatic mechanisms to reduce the inhibition of these
pyramidal cells. From this perspective, all of the molecular alterations described above
(Figures 1 and 2) that weaken PVBC inhibition of pyramidal neurons could be understood as
compensatory responses to lower pyramidal cell inhibition and to restore excitatory-
inhibitory balance (E/I balance) in DLPFC circuitry (Box 1). The idea that altered excitation
is upstream of altered inhibition is supported by recent findings that genes related to
glutamate signaling (and not those related to GABA signaling) appear to mediate
schizophrenia susceptibility [90].

If neocortical chandelier cells are, in fact, a potent source of a slow depolarizing current in
cortical pyramidal cells, then each of the protein alterations at PVChC inputs to pyramidal
cells (e.g., lower presynaptic GAT1 and higher postsynaptic GABA a2 receptors; Figure 1)
would, respectively, prolong the duration and increase the strength of the excitatory
postsynaptic current in the AIS. Thus, in contrast to our prior interpretation that these
changes in PVChC inputs are compensations to augment pyramidal cell inhibition [11], the
idea that PVChCs are excitatory suggests that the pre- and post-synaptic changes in their
inputs to pyramidal neurons could provide a means to increase the type of slow, NMDA-like
depolarization of pyramidal cells that is thought to be essential for the DLPFC neural
network activity associated with cognitive control tasks [91]. Thus, the well-documented
alterations in PVChC synapses in schizophrenia might provide another means to increase
excitation and restore E/I balance. Such a mechanism might explain the increase in frontal
gamma oscillations during a cognitive control task seen in patients with schizophrenia
following treatment with a GABA, a2 receptor agonist [18].

This hypothesis, that lower excitatory activity in layer 3 pyramidal neurons leads to multiple
compensatory responses to reduce inhibition from PVBCs and increase excitation from
PVChCs, requires answers to additional questions regarding the nature of the alterations in
PVBCs and PVChCs in schizophrenia (see Box 2). However, it does raise interesting
interpretations and predictions for clinical observations in schizophrenia. First, although the
compensatory changes in PV basket cell activity are predicted to rebalance excitation and
inhibition, the new level of E/I balance in the DLPFC of subjects with schizophrenia would
lack the strength of both excitation and inhibition required for generating sufficient levels of
gamma band power to support cognitive control (Figure 3). For example, cell type-specific
experimental manipulations in mice have demonstrated that lowering either AMPAreceptor
mediated excitatory inputs to PV-positive neurons [92] or inhibitory output from PV
neurons [45,46] (but not inhibitory inputs to PVBCs [93]) reduces gamma band power. The
deleterious effects of lower levels of both excitation and inhibition in the PVBC-pyramidal
neuron circuit on generating gamma oscillations might be expected to be most evident under
task conditions demanding high levels of cognitive control, as demonstrated in experimental
studies of subjects with schizophrenia [8,9].
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Box 2
Outstanding questions

1. Are protein levels of GADG67 altered in the axon terminals of PVChCs? The idea
that PV basket cell inhibition is reduced to compensate for an intrinsic deficit in
pyramidal cell excitability (see Box 1), and that PVChCs are excitatory, makes
the prediction that GADG67 levels and GABA synthesis are either normal or
increased in the axon terminals of PVVChCs; that is, PVChCs are predicted to be
among the ~50% of PV neurons that do not lack detectable GAD67 mRNA in
schizophrenia.

2. Are protein levels of GAT1 altered in the axon terminals of PVBCs? Although
changes in GATL1 levels have not been reported in experimental models of
homeostatic synaptic plasticity, the idea that changes in PVBCs and PVChCs
are compensatory to reduce inhibition and increase excitation of pyramidal cells,
respectively, predicts that the ratio of GAD67/GAT1 is increased in PVChC
axon cartridges and decreased in PVBC terminals in schizophrenia, a prediction
which can now be tested with new methods of quantifying protein levels in
specific populations of axon terminals [23,82].

3. Isthe deficit in PV mRNA expression in schizophrenia [24,40,41] present in
PVBCs and/or PVChCs? Because the absence of PV facilitates repetitive GABA
release and augments gamma oscillations [117], the current model predicts that
PV protein levels would be lower in the axon cartridges of P\VChCs and
unchanged in PVBC terminals in schizophrenia.

4. Are markers of excitatory inputs to PVVBCs lower in schizophrenia as an
additional means of reducing their inhibitory output? Unfortunately, because
molecular markers that differentiate PVBCs from PVChCs are still unknown, it
is not yet possible to determine if AMPA and NMDA receptor subunits are
specifically down-regulated in PVBCs in schizophrenia.

5. Are levels of the vesicular GABA transporter (VGAT), which regulates the
loading of GABA into synaptic vesicles, altered in PVBCs? Because changes in
VGAT contribute to homeostatic synaptic plasticity in experimental systems
[118], the current model predicts that vVGAT would be lower in the axon
terminals of PVBCs.

Second, the re-set E/I balance in individuals with schizophrenia, at lower levels of both
excitation and inhibition, would have less dynamic range for adjusting excitation and
inhibition in the face of new forces that alter one or the other. That is, homeostatic synaptic
plasticity, the capacity to scale the strength of all excitatory and inhibitory inputs to a neuron
in response to large scale changes in network activity [94], would be limited. This reduced
capacity of the circuitry to respond to challenges altering either excitation or inhibition
might explain 1) the tendency for the symptoms of schizophrenia to worsen in the face of
stress-induced changes in prefrontal activity [95]; 2) the worsening of cognitive deficits [2]
that is temporally associated with the normal adolescence-related pruning of excitatory
synapses, which is most prominent in layer 3 of the DLPFC [96]; and 3) the increased
liability to, and severity of, schizophrenia associated with marijuana use [97], which can
suppress cortical GABA release [98].

It is important to note that an alternative model, that an upstream GAD67 deficit in PV
neurons (due to NMDA receptor hypofunction in these neurons) leads to a disinhibition of
pyramidal cells, has support from pharmacological animal models of schizophrenia [99].
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However, the resulting increase in cortical network activity would be expected to evoke
compensatory responses to enhance inhibition, but as summarized above, schizophrenia is
accompanied by multiple molecular changes each of which would decrease PVBC-mediated
inhibition in DLPFC circuitry.

The current findings and suggested model for interpreting these findings focus on only a
limited portion of cortical circuitry; a full accounting of the pathophysiology underlying
cognitive control deficits in schizophrenia requires both better knowledge of the patterns of
connectivity within the DLPFC and more sensitive methods for assessing the functional
integrity and compensations of these connections in the illness. In addition, the use of
appropriate animal models as proof-of-concept tests of the hypothesized upstream versus
downstream relationships between cellular level alterations in schizophrenia are essential.
Such future advances will provide a more informed substrate for designing rational
interventions to enhance cognitive function in people with schizophrenia.
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Cortical Layers

Figure 1.

Schematic summary of alterations in neuronal circuitry in layer 3 of the DLPFC in subjects
with schizophrenia. The perisomatic inhibition of pyramidal neurons (gray neurons) by
parvalbumin-positive basket cells (PVBCs) is reduced due to 1) lower GAD67 mRNA
expression [39] and lower GADG67 protein [23], and hence less GABA synthesis; 2) higher
levels of p opioid receptor expression in PVBCs which reduces their activity and suppresses
GABA release [77]; 3) reduced expression of cholecystokinin (CCK) mRNA [28,41] which
stimulates the activity of, and GABA release from, PVBCs [79-81]; and 4) less mRNA for,
and presumably fewer, postsynaptic GABAx al receptors in pyramidal neurons [63]. These
alterations are shown only for the pyramidal neuron in deep layer 3, but are likely present
throughout layer 3. Chandelier neurons (PVChCs) have decreased GABA membrane
transporter 1 (GAT1) protein in their axon terminals [47,48] and increased postsynaptic
GABA a2 receptors in pyramidal neuron axon initial segments [49], suggesting enhanced
GABA signaling and increased excitation of pyramidal neurons if these inputs are
depolarizing [51,53]. Because relatively few GABAA a2-labeled axon initial segments are
detectable in layers deep 3—4 of the adult primate DLPFC [100], perhaps reflecting the
postnatal developmental decline in mMRNA expression of this subunit in the primate DLFPC
[101], it is unclear whether postsynaptic GABAx a2 receptors are increased in deep layer 3
pyramidal neurons in schizophrenia. Levels of GAD67 protein in PVChC axon terminals in
schizophrenia are not known.
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Figure 2.

Summary of regulators of GABA neurotransmission from a parvalbumin-positive basket cell
(PVBC) terminal to a layer 3 pyramidal cell (gray neuron, insert) in the DLPFC from a
healthy subject (top) and a subject with schizophrenia (bottom). In both panels, the size and
orientation of the yellow arrows indicates the magnitude and direction of chloride (CI™) ion
flow mediated by the CI~ transporters N*-K*-Cl-cotransporter 1 (NKCC1) and K*-Cl-
cotransporter 2 (KCC2) and CI™ channels in al-containing GABAA receptors. In healthy
adult neurons, intracellular CI~ concentration is low due to low levels of NKCC1 and high
levels of KCC2. The binding of GABA (red dots) to al-containing GABAA receptors
triggers CI~ entry and membrane hyperpolarization. In schizophrenia, lower levels of
GADSG67 (light blue shading) in PVBC axon terminals [23] lead to less GABA synthesis. The
release of GABA is further suppressed by greater signaling through up-regulated p opioid
receptors (LOR) [77], and the effects of GABA are reduced due to fewer postsynaptic o1-
containing GABAA receptors [63]. Higher levels of two kinases (OXSR1 and WNK3) [69]
are thought to lead to increased phosphorylation (green P) of both CI™ transporters and
consequently increased NKCC1 activity and decreased KCC2 activity, producing a greater
intracellular CI™ concentration. Thus, upon activation of the al-containing GABAa
receptors, CI™ influx is reduced and GABA neurotransmission is less hyperpolarizing.
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Figure 3.

Connectivity between pyramidal (P) neurons and parvalbumin-positive basket (PVBC) and
chandelier (PVChC) cells in DLPFC layer 3. Reciprocal connections formed by the local
axon collaterals of pyramidal neurons provide recurrent excitation, whereas the excitatory
inputs from pyramidal neurons to PV basket cells furnish feedback inhibition. These
connections are critical for generating gamma band oscillations, and the strengths of these
connections are adjusted to maintain normal E/I balance in the healthy brain (top panel). In
schizophrenia (bottom panel), lower spine density in layer 3 pyramidal neurons is
hypothesized to result in lower network excitation, evoking a compensatory reduction in
feedback inhibition of pyramidal neurons from PVBCs (less presynaptic GAD67; fewer
postsynaptic GABA al receptors) and increased depolarization of pyramidal neurons by
PVChs (less presynaptic GABA membrane transporter 1; more postsynaptic GABAA a2
receptors). The resulting “re-set” of E/I balance at a lower level of both excitation and
inhibition renders the circuit less able to generate normal levels of gamma band power,
resulting in impaired cognition. Heat maps are reproduced, with permission, from [8] ©
(2006) Proceedings of the National Academy of Sciences.
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Comparison of the properties of parvalbumin-positive chandelier cells (PVChCs) and basket cells (PVBCs) in

schizophrenia.

Properties PVChCs PVBCs Refs
Location of synapses on pyramidal neuron Axon initial segment (AIS) Soma and proximal dendrites and spines
Predominant GABA receptor o subunit a2 al [57]
GAD67 mRNA and protein levels | GADG7 protein in axon terminals in layer | [23]
unknown 3
| density of GAT1-positive axon <> density of GAT1-positive axon terminals | [48]
cartridges in layers 2—4 in layer 3
density of PV-positive axon cartridges | density of PV-positive axon terminals in [65]
Alterations in the DLPFC in schizophrenia unknown layer 3
1 GABAA a2 mRNA in layer 2 | GABAA al mRNA in layer 3 [50]
1 density of GABA, a2- positive AlS | GABAA 01 mRNA selectively in layer 3 | [49,63]
in layers 2- superficial 3 pyramidal cells
1w opioid receptor mMRNA [77]
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