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Abstract

Schizophrenia is a disorder of cognitive neurodevelopment. At least some of the core cognitive

deficits of the illness appear to be the product of impaired gamma frequency oscillations which

depend, in part, on the inhibitory actions of a subpopulation of cortical GABA neurons that

express the calcium binding protein parvalbumin (PV). Recent studies have revealed new facets of

the development of PV neurons in primate neocortex and of the nature of their molecular

alterations in individuals with schizophrenia. Other recent studies in model systems provide

insight into how these alterations may arise in the course of cortical circuitry development.
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Dysfunction of inhibitory cortical circuits has emerged as a key substrate for the

pathophysiology of cognitive dysfunction in schizophrenia, now recognized as the core

clinical feature of the disorder. This perspective has been supported by the multiple reports,

from different research groups using complementary methods in separate cohorts of

subjects, that schizophrenia is associated with lower tissue levels of the mRNA for the 67

kD isoform of glutamic acid decarboxylase (GAD67; product of the GAD1 gene), the

enzyme responsible for most GABA synthesis in the cortex [1]. Consistent with these

findings, cortical GAD67 protein levels are also lower in schizophrenia [2;3]. Together,

these data support the hypothesis that the capacity to synthesize cortical GABA is lower in

the cerebral cortex of individuals with schizophrenia, and thus that levels of cortical GABA

are reduced.

Attempts to test this hypothesis in vivo have included measures of total GABA levels by

magnetic resonance spectroscopy. Unfortunately, the results of these studies have been

variable, with cortical GABA levels reported to be lower, higher or not different in

individuals with schizophrenia relative to comparison subjects [4]. The apparent
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inconsistencies in these findings may reflect a number of differences across studies

including the cortical region examined, the medication status and age of the subjects, and the

specific methods employed [4]. On the other hand, in vivo electrophysiological measures

that index the functional activity of GABA neurons have been more consistent. For example,

gamma frequency (30–80 Hz) oscillations require the synchronized inhibition of

neighboring populations of pyramidal neurons by the subclass of cortical GABA neurons

that express the calcium-binding protein parvalbumin (PV) [5]. In the human prefrontal

cortex, gamma oscillations increase in proportion to cognitive task demands, such as

working memory load [6], and under such task demands the power of prefrontal gamma

band oscillations is reduced in subjects with schizophrenia both in the chronic stage of the

illness [7] and in the early stages before the initiation of treatment [8]. Thus, alterations in

PV neurons could contribute to gamma oscillation disturbances and cognitive deficits in

schizophrenia [9].

Alterations in cortical PV neurons in schizophrenia

Postmortem studies have shown that the number of PV neurons does not differ between

subjects with schizophrenia and comparison subjects [10–12], but these cells do exhibit

abnormalities in critical molecular features that are likely to affect their function. For

example, in subjects with schizophrenia mRNA levels of GAD67 are markedly lower in a

substantial proportion of PV cells [10]. In addition, studies at the tissue, laminar and cellular

levels have demonstrated lower levels of PV mRNA [10;13]. Cortical PV neurons include

chandelier cells (PVChCs) and basket cells (PVBCs), which innervate the axon initial

segment and soma/proximal dendrites of pyramidal cells, respectively. The alterations in

PVChCs and their targets in schizophrenia have recently been reviewed [14]. The major

findings are a reduction in the density of GABA membrane transporter 1 (GAT1)-

immunoreactive axon terminals (cartridges) from PVChCs and a postsynaptic increase in the

GABAA receptor α2 subunit in the axon initial segment of pyramidal neurons. These

findings have been interpreted as compensatory responses that increase GABA

neurotransmission at these synapses, but whether GAD67 levels are lower specifically in

PVChC terminals in schizophrenia has not been directly assessed. In contrast, recent studies

of PVBC axon terminals found that GAD67 protein levels are reduced by ~50% [3] and PV

protein levels by ~25% [15]. In addition, mRNA levels of the GABAA receptor α1 subunit,

which is commonly found in pyramidal neurons postsynaptic to PVBCs terminals, are

selectively reduced in prefrontal layer 3 pyramidal cells in schizophrenia [16], the same

laminar location where the changes in PV neurons are most prominent. Signaling through

α1-containing GABAA receptors may also be impaired by abnormal N-glycosylation of this

subunit in schizophrenia [17]. Thus, alterations in the capacity of PVBCs to synthesize and

release (as influenced by terminal levels of PV [18]) GABA, and for the GABA released

from PVBC terminals to inhibit pyramidal cells, could all contribute to impaired cortical

gamma oscillations in schizophrenia.

Other molecular alterations in PV cells could also contribute to impaired gamma oscillations

in schizophrenia. For example, a recent study found evidence of schizophrenia-related

alterations in expression of a PV cell type-specific subunit for a voltage-gated potassium

channel. In the human prefrontal cortex, PV neurons selectively express KCNS3, the gene
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encoding the Kv9.3 potassium channel α-subunit [19]. This subunit assembles with delayed

rectifier Kv2.1 α-subunits, which are expressed by the majority of cortical neurons

including PV cells, to form heteromeric Kv2.1/Kv9.3 channels. In subjects with

schizophrenia, levels of KCNS3 mRNA were 23% lower in prefrontal cortical gray matter

and 40% lower in PV neurons captured by laser microdissection [20]. Interestingly, in the

individually collected PV neurons, KCNB1 mRNA, which encodes the Kv2.1 subunit,

showed a decrease in expression comparable to KCNS3 mRNA in the subjects with

schizophrenia, and expression levels of both transcripts were highly correlated within

subjects. These findings suggest a concomitant down-regulation of both Kv9.3 and Kv2.1

subunits, and thus a lower complement of Kv2.1/Kv9.3 heteromeric channels in prefrontal

PV neurons in schizophrenia. Compared with homomeric Kv2.1 channels, Kv2.1/Kv9.3

channels are more effectively activated by small depolarization steps from the resting

membrane potential, suggesting that Kv2.1/Kv9.3 channels are among those dendritic

voltage-gated potassium channels that contribute to the fast EPSP decay in PV neurons [21].

Because such fast EPSPs summate in a narrow time window, PV neurons can efficiently

detect, and fire in response to, temporally convergent excitatory inputs from neighboring

pyramidal neurons [22]. Thus, the properties of Kv2.1/Kv9.3 channels impute a level of

precision to the detection of coincident excitatory synaptic inputs in PV neurons that may be

essential for the synchronization of cortical neural networks in gamma oscillations.

Consequently, the deficient expression KCNS3 and KCNB1 mRNAs in PV neurons, if

reflected in a lower complement of Kv2.1/Kv9.3 channels, would be predicted to slow the

time course of EPSPs in PV neurons, impairing their ability to appropriately generate

gamma oscillations, and thus contribute to cognitive dysfunction in schizophrenia [20].

Potential mechanisms for PV cell dysfunction in schizophrenia

A series of recent studies suggest a number of different mechanisms, not mutually exclusive,

that could contribute to PV cell alterations in schizophrenia. The lower levels of GAD67

mRNA could reflect disturbances in upstream factors that regulate the GAD1 gene. For

example, a variant in the GAD1 gene associated with increased risk for schizophrenia [23]

and altered chromatin structures at the GAD1 promoter [24] have been associated with lower

levels of GAD67 mRNA in schizophrenia. Recently, Akbarian and colleagues [25] reported

that the GAD1 gene contains a promoter/enhancer loop that allows for distal regulatory

elements to be positioned closer to the transcription start site, resulting in increased

transcription. In a small sample of schizophrenia subjects with lower levels of GAD67

mRNA, this loop was decreased in the prefrontal cortex. Interestingly, the formation of the

loop is sensitive to changes in neuronal activity, and the activity-driven expression of

GAD67 critically controls the synthesis of GABA available for synaptic release [26]. In

concert, these findings may provide insight into a molecular mechanism for how a reduction

in cortical network activity, due to factors such as NMDA receptor hypofunction of PV

neurons [27] or lower excitatory drive to the pyramidal neurons that innervate PV GABA

neurons [9], could lead to lower GAD67 expression.

Other recent findings provide a potential link between immune- and/or inflammation-related

abnormalities and cortical GABA neuron alterations in schizophrenia. Single-nucleotide

polymorphisms in genes involved in immune and inflammatory signaling pathways have
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been associated with increased risk for schizophrenia [28–30], and maternal exposure to

infection and elevated serum cytokine levels during pregnancy have been associated with an

increased risk of schizophrenia in offspring [31]. In adult schizophrenia subjects, elevated

levels of proinflammatory cytokines [32] and higher mRNA levels for interferon-induced

transmembrane protein (IFITM) have been found in the prefrontal cortex [33;34]. A recent

study in a very large sample of schizophrenia and control subjects replicated these findings

and demonstrated that the elevated expression (over 2 fold increase) in schizophrenia was

exclusively found in endothelial cells [35]. Interestingly, levels of IFITM mRNA were

negatively correlated with both GAD67 and PV mRNAs in the same schizophrenia subjects

[35], suggesting that pathological disturbances in immune activation may contribute to PV

neuron alterations in at least some individuals with schizophrenia.

Most PV cortical neurons are surrounded by complex extracellular structures called

perineuronal nets (PNNs). PNNs are composed of chondroitin sulfate proteoglycans and

related components of the extracellular matrix, form in an activity-dependent manner, and

serve as a cation buffer which may facilitate the fast-spiking nature of PV cells. The

densities of PNNs, as assessed by labeling with Wisteria floribunda agglutinin which binds

to the carbohydrate components of PNNs, were reported to be decreased in the prefrontal but

not the primary visual cortex of subjects with schizophrenia [36]. Recent work suggests that

PNNs are protective against oxidative stress [37], providing a potential link between reports

of reduced levels of cortical glutathione, an antioxidant [38], a lower complement of PNNs

and PV cell dysfunction in schizophrenia. Although intriguing from the perspective of an

explanatory cascade of events, the robustness of each finding in schizophrenia, and the

strength of their mechanistic links, awaits further study. For example, prefrontal glutathione

levels were reported to be lower in both schizophrenia and bipolar subjects [38], but PNN

densities were reported to be unaffected in bipolar subjects [36].

Genetic variants in both neuregulin and its ErbB4 receptor, which is heavily but not

uniquely expressed by PV neurons in primate cortex [39], have been associated with liability

to schizophrenia. A recent study [40] provides a potential mechanistic link by demonstrating

that selective deletion of ErbB4 in PV neurons reproduces many of the anatomical and

molecular findings in schizophrenia as well as alterations in cortical oscillations.

Interestingly, total ErbB4 mRNA levels are not altered in schizophrenia, but the expression

levels of two minor splice variants are markedly increased [41;42]. If the products of these

splice variants serve as dominant negatives in relation to ErbB4 signaling, then increased

expression of ErbB4 splice variants in schizophrenia could be mimicked by the deletion of

ErbB4 in the mouse model.

Recent studies of the maturation of PVBCs and PVChCs in monkey prefrontal cortex might

also provide insight into how cell type-specific differences in schizophrenia could arise

during developmental periods that appear to be critical for the emergence of the clinical

features of the illness. For example, earlier studies reported that the density of PVChC axon

terminals (cartridges) decreased [43;44] and the density of PVBC terminals increased [45]

during adolescence in monkey prefrontal cortex. However, it could not be determined

whether these inverse changes reflected developmental differences in terminal number

and/or in PV protein levels per terminal such that their detection differed with age. Using a
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new method that permits the quantification of both terminal number and protein levels per

terminal, Fish and colleagues [46] found that the number of PVChC terminals was

significantly lower in adult than in infant monkeys, whereas the density of PVBC terminals

did not change with age. In contrast, PV protein levels in PVBC terminals were much higher

in adult than infant monkeys but did not differ with age in PVChC terminals. Thus, PVChC

and PVBC appear to utilize fundamentally different mechanisms to achieve adult levels of

innervation density and biochemical properties. These findings suggest a cell type-specific

mechanism of maturation for PVBC and PVChC axon terminals that might help explain the

patterns of disturbances of these cell types in schizophrenia. For example, disease processes

operating during adolescence might be expected to disrupt the PV protein content, but not

the number, of PVBC terminals; this prediction matches the pattern of findings observed in

schizophrenia [15].

The molecular and functional properties of PV neurons may also be influenced by disease-

related alterations in the inputs they receive from other affected cell populations. A recent

study in mouse visual cortex demonstrated that PV cells strongly inhibit each other, but

provide little inhibition to other populations of GABA neurons, whereas somatostatin-

containing GABA cells avoid inhibiting each other and strongly inhibit other populations,

including PV cells [47]. Convergent findings indicate that mRNA levels of somatostatin

[13;48;49] and somatostatin receptors [50] are altered in the prefrontal cortex of subjects

with schizophrenia. Thus, altered inputs from somatostatin cells could also contribute to PV

cell dysfunction in schizophrenia.

In concert, the findings reviewed above provide additional evidence that alterations in PV

cell function are likely to be key contributors to cortical dysfunction and cognitive

impairments in schizophrenia. The relationships among these various types and potential

causes of PV cell dysfunction, and which subjects with schizophrenia they are operative in

[13;48;49], awaits further study.
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Highlights

• Parvalbumin (PV) cell alterations contribute to cognitive deficits in

schizophrenia

• PV cells have multiple gene expression disturbances that impair their function

• These disturbances may arise from either cell-autonomous factors or altered

inputs
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Figure.
Schematic drawing of pyramidal cell (P), parvalbumin basket call (PVBC) and PV

chandelier cell (PVChC) circuitry in layer 3 of human DLPFC, illustrating the reported

changes in schizophrenia. GAT1, GABA membrane transporter; PNNs, perineuronal nets.
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