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Of the ten most highly cited papers published in Schizophrenia Research during 2015–2016, 

four addressed the role of GABA neurons in schizophrenia (Berretta et al., 2015; Cohen et 

al., 2015; Dong et al., 2015; Schubert et al., 2015). These reports illustrate the breadth of 

GABA-related abnormalities in schizophrenia, with alterations identified in multiple brain 

regions using a variety of techniques. Thus, it appears timely to comment on certain aspects 

of what we currently know, and do not know, about GABA neurotransmission in the disease 

process of schizophrenia.

In individuals with schizophrenia, alterations in multiple GABA-related markers have been 

widely reported in the prefrontal cortex (PFC), one of the most studied brain regions in the 

illness given its key role in cognitive control (Lewis et al., 2012). Recent postmortem human 

studies demonstrate GABA-related alterations in epigenetic (Dong et al., 2015), transcript 

(Chung et al., 2016b), protein (Berretta et al., 2015; Chung et al., 2016a; Enwright et al., 

2016; Schubert et al., 2015), and synaptic (Chung et al., 2016a) markers, especially for the 

subpopulation of GABA neurons containing the calcium-binding protein parvalbumin (PV) 

(Figure 1). In layer 3 of the PFC, the microcircuit between glutamatergic pyramidal cells and 

GABAergic PV cells plays an essential role in generating the gamma oscillations thought to 

be essential for cognitive processing (Lewis et al., 2012). In many subjects with 

schizophrenia, PFC PV neurons have 1) lower transcript and protein levels of PV and of a 

key GABA-synthesizing enzyme, GAD67 (Lewis et al., 2012; Mitchell et al., 2015), 2) 

compromised integrity of perineuronal nets (PNNs) which regulate structural and synaptic 
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functions (Berretta et al., 2015; Enwright et al., 2016), and 3) lower density of excitatory 

inputs onto their somata (Chung et al., 2016a). These molecular and structural alterations are 

thought to impair GABA neurotransmission and to contribute to the lower power of PFC 

gamma oscillations seen in individuals with schizophrenia (McNally and McCarley, 2016). 

Indeed, in vivo studies indicate that measures of extracellular GABA, which more closely 

approximate synaptic GABA than do measures of total GABA levels, are lower in subjects 

with schizophrenia (Frankle et al., 2015). In aggregate, these and other findings strongly 

implicate altered function of GABAergic PV neurons in schizophrenia, but they also raise 

important questions regarding the nature of these alterations in the underlying disease 

process.

The observed changes in GABA-related markers could represent a cause, consequence, 

compensation, comorbidity, or confound in schizophrenia. Multiple control experiments 

provide convergent evidence that markers of lower GABA neurotransmission from PV 

neurons are likely not due to confounds or comorbidities (Berretta et al., 2015; Chung et al., 

2016a; Enwright et al., 2016; Lewis et al., 2012). Measures consistent with lower inhibitory 

output from PV neurons in schizophrenia could represent a compensation to restore 

excitatory-inhibitory balance in response to an upstream deficit in PFC excitatory pyramidal 

cells (Lewis et al., 2012). This interpretation is supported by findings in schizophrenia that 

PFC layer 3 pyramidal cells have a lower complement of dendritic spines, and thus likely 

receive fewer excitatory synapses (Lewis et al., 2012). The resulting lower activity of 

pyramidal cells would preferentially reduce the excitation of PV cells, resulting in the 

deficits observed in GAD67, PV and PNNs. Alternatively, the changes in pyramidal and PV 

cells might both be consequences of another disturbance. For example, somatostatin (SST)-

containing GABAergic neurons, which are thought to innervate both pyramidal and PV 

cells, have significant reductions in SST mRNA in schizophrenia (Figure 1) (Fung et al., 

2014). As this finding may reflect lower inhibition from SST neurons, a predicted result 

would be disinhibition and greater activity of both pyramidal and PV cells. However, 

increased activity of PV cells is not congruent with the observed deficits in GAD67, PV and 

PNNs. Finally, impairments intrinsic to PV neurons might cause the deficits in measures of 

GABA neurotransmission. For example, schizophrenia is associated with a shift in the 

alternative splicing of ErbB4 that is selective to PV neurons, and this ErbB4 variant may 

impair the formation of excitatory inputs onto PV neurons (Chung et al., 2016b). The 

reduction in excitation of PV neurons would lead to the observed deficits in GAD67, PV and 

PNNs. Consistent with this interpretation, PV neurons in the PFC of schizophrenia subjects 

receive fewer excitatory inputs (Chung et al., 2016a).

Discriminating among these possible interpretations can be aided by the conduct of 

experimental studies in animal models that are explicitly informed by the disease state and 

that are ultimately required to identify the specific neural circuits that underlie, and can be 

engaged to treat, schizophrenia (Gordon, 2016). Specifically, the experimental production in 

a relevant animal model of one alteration identified in postmortem human studies can then 

be used to determine if other disease-related findings occur. For example, studies using 

genetic manipulations to lower GAD67 expression do not recapitulate the other GABA-

related findings in schizophrenia, suggesting that less GABA synthesis is not a cause in 

schizophrenia (Georgiev et al., 2016). However, manipulations in mice that mimic the 
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schizophrenia-associated reduction of the actin cytoskeleton regulatory protein Arp2/3 in 

PFC pyramidal cells result in a progressive loss of dendritic spines that is followed by other 

molecular and behavioral alterations seen in schizophrenia, including elevated subcortical 

dopamine levels and antipsychotic-sensitive increased locomotion (Yan et al., 2016). Future 

tests of GABA-related markers in this, and other disease-informed animal models, can be 

effectively used to test whether the alterations in GABA-related markers in schizophrenia 

represent cause, consequence or compensation in the disease process.
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Figure 1. Schematic depiction of a subset of GABA-related abnormalities identified in 
schizophrenia
In the prefrontal cortex (PFC), GABAergic neurons containing parvalbumin (PV) innervate 

the perisomatic region of glutamatergic pyramidal cells (PYR), which in turn, innervate PV 

neurons. This reciprocal microcircuit is key for the generation of gamma oscillations. 

GABAergic neurons containing somatostatin (SST) can innervate both PV and PYR cells. In 

schizophrenia, all three neuronal populations show alterations, including 1) lower density of 

dendritic spines on PYR cells, 2) less PV and GAD67 mRNA and protein in PV neurons, 

and 3) lower expression of SST mRNA.
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