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a b s t r a c t
Schizophrenia, a major psychiatric disorder deﬁned by delusions and hallucinations, among other symptoms, often with onset in early adulthood, is potentially associated with molecular and cellular alterations in parvalbumin-expressing fast spiking interneurons and other constituents of the cortical
inhibitory GABAergic circuitry. The underlying mechanisms, including the role of disease-associated risk
factors operating in adolescence such as drug abuse and social stressors, remain incompletely understood. Here, we summarize emerging ﬁndings from animal models, highlighting the ability of parvalbuminergic interneurons (PVI) to induce, during the juvenile period, long-term plastic changes in
prefrontal and visual cortex, thereby altering perception, cognition and behavior in the adult. Of note,
molecular alterations in PVI from subjects with schizophrenia, including downregulated expression of
a subset of GABAergic genes, have also been found in juvenile stress models of the disorder. Some of
the transcriptional alterations observed in schizophrenia postmortem brain could be linked to changes
in the epigenetic architecture of GABAergic gene promoters, including dysregulated DNA methylation,
histone modiﬁcation patterns and disruption of promoter–enhancer interactions at site of chromosomal
loop formations. Therefore, we predict that, in the not-to-distant future, PVI- and other cell-type speciﬁc
epigenomic mappings in the animal model and human brain will provide novel insights into the pathophysiology of schizophrenia and related psychotic diseases, including the role of cortical GABAergic circuitry in shaping long-term plasticity and cognitive function of the cerebral cortex.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
Schizophrenia (SCZ), a mental disorder associated with delusions, hallucinations, disorganized thought, social withdrawal and
various other symptoms is not deﬁned by unifying neuropathology
(Catts et al., 2013; Dorph-Petersen & Lewis, 2011) or narrowly
deﬁned genetic risk architectures (Andreassen, Thompson, & Dale,
2014; Rodriguez-Murillo, Gogos, & Karayiorgou, 2012). However,
clinical and preclinical research is beginning to identify major
building blocks that contribute to the complex pathophysiology of
SCZ. One such building block is the GABAergic circuitry in the cerebral cortex. GABAergic interneurons provide a major and critical
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source of inhibition to cortical networks, as animal models of disrupted GABAergic signaling show deﬁcits in cortical plasticity
(Fagiolini et al., 2004; Hensch, 2005; Hensch et al., 1998; Iwai,
Fagiolini, Obata, & Hensch, 2003; Katagiri, Fagiolini, & Hensch,
2007), synchronous oscillations (Gonzalez-Burgos, Fish, & Lewis,
2011; Lodge, Behrens, & Grace, 2009) and cognition (GonzalezBurgos et al., 2011; Gruber et al., 2010). Importantly, similar phenotypes are encountered in SCZ (Gonzalez-Burgos et al., 2011; Inan,
Petros, & Anderson, 2013; Lewis, Hashimoto, & Volk, 2005).
GABAergic interneurons, however, are an extremely diverse
population that can be molecularly classiﬁed into three non-overlapping groups based on the expression of either Parvalbumin
(PV), Somatostatin (SST) or serotonin receptor 3a (5-HT3AR) that
together encompass nearly 100% of all cortical interneurons
(Rudy, Fishell, Lee, & Hjerling-Lefﬂer, 2011). Among these subpopulations, fast-spiking interneurons expressing PV provide inhibition
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to the cell bodies of pyramidal neurons to control their output. This
inhibition inﬂuences rhythmic synchrony and facilitates information processing during cognitive tasks. Importantly, molecular
alterations in PV interneurons (PVI) have been reported in prefrontal cortex and other cortical areas of SCZ subjects (Fung et al.,
2010; Mellios et al., 2009; Volk & Lewis, 2013), including downregulated expression of GABA synthesis enzyme GAD1/GAD67
(Hashimoto et al., 2003), potassium channel subunits (Georgiev
et al., 2014) and transcription factors (Volk et al., 2012a), among
various others (Volk, Chitrapu, Edelson, & Lewis, 2014). In addition
to PV, low-threshold spiking SST + neurons also demonstrate
altered gene expression in SCZ cortex and hippocampus (Akbarian
& Huang, 2006; Fung, Fillman, Webster, & Shannon Weickert,
2014; Fung et al., 2010; Konradi et al., 2011; Mellios et al., 2009;
Schmidt & Mirnics, 2012). According to some estimates, up to 30–
40% of subjects with schizophrenia show robust decreases in
expression in a subset of RNAs speciﬁcally expressed in GABA neurons (Volk et al., 2012b). The underlying mechanisms of GABAergic
deﬁcits, just like SCZ as a disorder, are complex and heterogeneous.
However, functional hypoactivity and a decrease in neurotrophin
levels and signaling are likely to be important drivers for the
observed deﬁcits in GABAergic gene expression (Akbarian &
Huang, 2006; Hashimoto et al., 2005; Thompson Ray, Weickert,
Wyatt, & Webster, 2011).
2. Role of PVIs in the postnatal maturation of cortical circuits
Cortical PVIs show a protracted developmental trajectory across
adolescence (Hoftman & Lewis, 2011; O’Donnell, 2011). In prefrontal cortex, a brain region frequently affected by dysfunction
and hypoactivity in subjects with SCZ, preclinical work strongly
points to a period of heightened sensitivity of PVI during postnatal
development (including childhood and juvenile stages). Disruption
during this period results in subsequent deviation from the normal
course of development into maladaptive trajectories ultimately
resulting in long-lasting functional alterations (Powell, Sejnowski,
& Behrens, 2012; Steullet et al., 2014). These central features of
PVI during juvenile age are not limited to the prefrontal cortex.
Role of PVI on developmental critical period for experiencedependent cortical plasticity has been most extensively studied
in visual cortex (Hensch, 2005; Takesian & Hensch, 2013). In the
following, we review the recent ﬁndings in both prefrontal and
visual cortex highlighting the key roles of PVIs during postnatal
development in health and disease.
2.1. PVI-mediated juvenile plasticity in prefrontal cortex and lasting
alterations relevant to SCZ
Maturation of PVIs in prefrontal cortex extends beyond the second decade of life and such protracted developmental trajectory
may play a key role in the pathophysiology of many psychiatric
disorders including SCZ with a typical onset around adolescence
(Hoftman & Lewis, 2011; O’Donnell, 2011). Accumulating preclinical works strongly points to a period of heightened vulnerability of
PVIs during postnatal development (including childhood and juvenile stages), which when perturbed, results in lasting deﬁcits in the
expression of neuropsychiatric risk genes, including some of the
genes with a key role in ordinary inhibitory networks (Bharadwaj
et al., 2013; Chao et al., 2010; Curley et al., 2013; Guidotti, Dong,
Tueting, & Grayson, 2014; Hashimoto et al., 2003; Huang et al.,
2007; Hyde et al., 2011; Jaaro-Peled et al., 2009; Jeevakumar
et al., 2015; Karam et al., 2010; Rico & Marin, 2011; Volk,
Edelson, and Lewis, 2014) (Fig. 1A). Some of the genes highly
expressed in PVIs, such as GAD1, PV, and ERBB4 (Del Pino et al.,
2013; Mitchell et al., 2013; Neddens et al., 2011; Yang et al.,
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Fig. 1. Central role of PVIs in developmental critical period for cortical plasticity. (A)
Protracted maturation of PVIs in prefrontal cortex plays a key role in the
pathophysiology of SCZ. A heightened vulnerability of PVIs during juvenile
development to exposure to risk factors, which collectively cause oxidative stress,
results in subsequent deviation from the normal course of development (red line)
into maladaptive trajectories (dotted line). This leads to lasting deﬁcits in the
expression of neuropsychiatric risk genes (e.g., GAD1, PV), and schizophreniarelated cognitive behaviors in the adult. Red background represents the extent of
plasticity. (B) Protracted postnatal maturation of perisomatic innervation of PVIs
triggers the onset of experience-dependent plasticity in visual cortex. During
critical period, PVIs and their inputs are plastic (arrows). Visual deprivation rapidly
leads to the reduction of excitatory inputs onto PVIs and PVI activity within one day
leading to the disinhibition of pyramidal (Py) neurons. This in turn triggers the
expression of global ocular dominance plasticity after a few days in visual cortex.
After the critical period, expression of molecular brakes including perineuronal nets
(PNNs: mesh around PVIs) limits rapid PVI plasticity as well as subsequent global
plasticity. These mechanisms of plasticity associated with PVIs will provide a novel
framework for the future investigation of PVI-dependent regulation of prefrontal
cortex maturation in health and disease. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

2013), have been implicated in dysfunction of cortical networks
and psychosis-related behavior in the adult animal (Behan et al.,
2012; Behrens, Ali, & Dugan, 2008; Belforte et al., 2010;
Cabungcal, Steullet, Kraftsik, Cuenod, & Do, 2013a; Cabungcal
et al., 2014; Jeevakumar & Kroener, 2014; Thomases, Cass, &
Tseng, 2013), long after the period of risk exposure has ceased.
Examples of risk exposures transiently impacting adolescent PVI
that subsequently lead to long-lasting functional alterations
include drugs-of-abuse such as cannabis (Behan et al., 2012), and
ketamine(Behrens et al., 2008; Jeevakumar & Kroener, 2014) and
other NMDA antagonists (Thomases et al., 2013), as well as social
isolation in conjunction with NMDA hypofunction (Belforte et al.,
2010). This type of pathophysiology, starting with early life transient exposure to risk factor(s), with subsequent deviation from
the normal course of development into maladaptive trajectories
ultimately resulting in psychosis and depression in adult life, is a
key concept in psychiatry.
Interestingly, these different developmental insults collectively
cause oxidative stress, which itself leads to disruption in prefrontal
PVIs (Cabungcal et al., 2013a; Powell et al., 2012; Steullet et al.,
2014), with juvenile anti-oxidant treatment preventing future
PVI defects and psychosis (Cabungcal et al., 2014). Importantly,
prefrontal PVIs are more vulnerable to oxidative stress during adolescence than later in life, and oxidative stress during this period is
linked to long-lasting deﬁcits in social behavior and other cognition. High metabolic demands render fast-spiking PVIs particularly
vulnerable to oxidative stress (Behrens et al., 2007). A recent study
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demonstrated that one of the mechanisms that makes immature
prefrontal PVIs particularly vulnerable to oxidative stress is the
absence of fully mature perineuronal nets (PNNs) enwrapping
PVIs, which protect PVIs from oxidative stress (Cabungcal et al.,
2013b,a). An excess oxidative stress also leads to the breakdown
of PNNs themselves (Cabungcal et al., 2013b; Morishita &
Cabungcal, 2015). Of note, reduced PNNs have been found in the
human post mortem amygdala, entorhinal and prefrontal cortices
of schizophrenia patients (Berretta, 2012; Mauney et al., 2013;
Pantazopoulos, Woo, Lim, Lange, & Berretta, 2010). As further discussed below, future studies are essential to further understand
the molecular and epigenetic mechanism underlying the enduring
effect of transient adolescent insult of PVIs on adult cognitive
behaviors.
2.2. PVI-mediated control of developmental critical period for
experience-dependent plasticity in visual cortex
One of the key roles of PVIs during postnatal maturation is regulation of the critical period of experience-dependent cortical plasticity (Hensch, 2005; Takesian & Hensch, 2013). Critical period of
cortical plasticity is also thought to be important for the etiology
of cognitive developmental disorders such as autism (Gogolla
et al., 2009; LeBlanc & Fagiolini, 2011) and schizophrenia
(Morishita & Hensch, 2008; Morishita et al., 2015). Neuronal circuits are reﬁned by extraordinary levels of plasticity during critical
periods in early development, while subsequently plasticity
becomes diminished in adulthood (Hensch, 2004; Knudsen,
2004). It is during these ‘‘critical periods’’ that neurons acquire
multiple functional properties in the context of experience-dependent maturation. To this end, ocular dominance plasticity, deﬁned
as the change in responsiveness to eye-speciﬁc (left versus right)
input of neurons in primary visual cortex following monocular
deprivation is one of the most characterized models of critical period (Hensch, 2004). Visual deprivation during adolescence critical
period can eventually lead to an enduring loss of responsiveness
to an eye deprived of vision, a condition called amblyopia, or persistent reduced visual acuity, affecting about 1–5% of the human
population (Morishita & Hensch, 2008).
Over the last 15 years, rodents have emerged as a valuable
model system for genetic manipulation to dissect the mechanisms
of critical period for ocular dominance plasticity in primary visual
cortex (Espinosa & Stryker, 2012; Levelt & Hubener, 2012;
Morishita & Hensch, 2008; Nabel & Morishita, 2013; Takesian &
Hensch, 2013). Several of these studies identiﬁed PVI as a key regulator of critical period timing (Hensch, 2005) (Fig. 1B).
Speciﬁcally, critical period could be precociously initiated through
GABAA receptor a1-subunit, which is mainly located at the somaproximal dendrite region of pyramidal cells, where PV-basket cells
preferentially target (Fagiolini et al., 2004). Consistently, a non-cell
autonomous homeoprotein Otx2, crucial for the maturation of PVcells, is required for critical period initiation (Sugiyama et al.,
2008). With age, PV-cells become preferentially enwrapped in
chondroitin sulfate proteoglycans that form PNNs. Interestingly,
removal of these nets can reactivate critical period plasticity in
adult animals (Pizzorusso et al., 2002) (Fig. 1B). In addition to
PNNs, several molecular brakes of relevance to schizophrenia have
been identiﬁed to close the window of the critical period, including
myelin signaling through a NgR–PirB complex (Insel, 2010; McGee,
Yang, Fischer, Daw, & Strittmatter, 2005; Stephany et al., 2014;
Syken, Grandpre, Kanold, & Shatz, 2006) or dampened nicotinic
receptor signaling by Lynx1 (Morishita, Miwa, Heintz, & Hensch,
2010; Stark et al., 2008), which all converge on PVI function as a
hub of vulnerability.
In addition to the role of PVIs in controlling the timecourse
of critical period, most recent studies revealed that the

experience-dependent changes within PVIs and connected circuits
themselves trigger the progress of ocular dominance plasticity during the critical period (Aton et al., 2013; Gandhi, Yanagawa, &
Stryker, 2008; Hengen, Lambo, Van Hooser, Katz, & Turrigiano,
2013; Kameyama et al., 2010; Kuhlman et al., 2013; YazakiSugiyama, Kang, Cateau, Fukai, & Hensch, 2009). Particularly, a
recent intriguing study identiﬁed that just one day of visual deprivation during the critical period results in a rapid reduced activity
of PVIs (Aton et al., 2013; Hengen et al., 2013; Kuhlman et al.,
2013) at least in part due to the weakening and reduction of excitatory synaptic inputs onto PVIs (Kuhlman et al., 2013). This PV cellmediated disinhibition subsequently permits competitive ocular
dominance plasticity in visual cortex (which takes 3–4 days), suggesting a major role for PVI in gating plasticity (Kuhlman et al.,
2013). Importantly, this rapid plasticity of PVIs is limited to the
critical period but not observed in the adult (Kuhlman et al.,
2013). The PVI-triggered juvenile plasticity can have a long lasting
impact in the adult brain as a transient shift in ocular dominance,
induced by monocular deprivation during critical period, is known
to render the adult visual cortex highly susceptible to visual deprivation (Hofer, Mrsic-Flogel, Bonhoeffer, & Hubener, 2006).
Identiﬁcation of underlying molecular and epigenetic mechanisms
that trigger and conﬁne this rapid plasticity of PV-circuits in critical period is an important area of future investigation. Mechanisms
of PVI-dependent critical period plasticity in the visual cortex may
also provide a new framework for the future exploration of critical
period mechanisms in prefrontal circuitry and behaviors.

3. Epigenetic regulation in cortical interneurons
The regulatory networks governing the molecular architectures
of cortical inhibitory circuitry are exceedingly complex and include
a diverse array of transcriptional and post-transcriptional mechanisms. To mention just one recent example from the SCZ literature,
prefrontal deﬁcits in the expression of a subset of GABA neuronspeciﬁc mRNAs were found to be dependent on the regional supply
of Brain-derived Neurotrophic Factor (BDNF), which in turn was
subject to post-transcriptional control by a microRNA-dependent
mechanism (Mellios et al., 2009). Chromatin-associated mechanisms, regulating genome organization and function including
gene expression, are broadly relevant for all phases of brain development (Bagot, Labonte, Pena, & Nestler, 2014; Vogel-Ciernia &
Wood, 2014) and for proper learning and plasticity (Fischer,
Sananbenesi, Mungenast, & Tsai, 2010; Lopez-Atalaya & Barco,
2014; Peixoto & Abel, 2013). Epigenetic regulators, including
DNA methylation, hydroxymethylation and various other derivatives, and an estimated 100 post-translational histone modiﬁcations, histone variants and non-random spatial organization of
chromosomal ﬁbers (chromosomal loopings) are likely to be of
critical importance for the function of PVI during and beyond the
critical period of cortical plasticity. Importantly, however, next to
nothing is known about the epigenome of PVI. This is because most
epigenetic assays do not have single cell resolution, and given the
enormous cellular heterogeneity of the cerebral cortex, PVI-speciﬁc
chromatin studies would require cell-type speciﬁc extraction and
enrichment procedures. While these are not insurmountable challenges, they would require signiﬁcant effort such as generation of
transgenic mice expressed GFP-tagged histones under the control
of PVI-speciﬁc promoters, or application of reliable antibodies to
immunotag PVI nuclei for subsequent ﬂuorescence-activated sorting (Jiang, Matevossian, Huang, Straubhaar, & Akbarian, 2008). We
predict that there will be PVI-speciﬁc chromatin studies in the notto-distant future, with the critical period of cortical plasticity as a
major focus. Indeed, there is already early evidence that epigenetic
mechanisms regulate critical period plasticity in the visual system.
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Histone acetylation, an epigenetic modiﬁcation that is experience
dependent and typically enriched at open chromatin sites of active
gene expression, becomes down-regulated after critical period
plasticity has subsided (Putignano et al., 2007). Histone acetylation
is regulated by balanced activity of histone acetyl-transferases
(HAT) and deacetylases (HDAC), and administration of HDAC inhibitors in adult mice reactivates visual cortex plasticity (Putignano
et al., 2007) and induces recovery from amblyopia in rodent model
(Silingardi, Scali, Belluomini, & Pizzorusso, 2010). Although the
effect of HDAC inhibitors is intriguing, the changes in genetic
expression proﬁles that HDAC inhibitors produce especially in
PVIs, and subsequent downstream effects of visual cortical plasticity, are still unknown and should be a focus for future exploration.
Similarly, while alterations in levels and activity of neuronal
HDACs in prefrontal cortex are highly relevant for the neurobiology
and treatment of SCZ (Jakovcevski et al., 2013; Kurita et al., 2012),
to date there is little knowledge on PVI-speciﬁc regulation of
histone acetylation in that brain region.
GAD1/GAD67, encoding a key enzyme for GABA synthesis, is one
of the genes with deﬁcits in expression speciﬁcally in PVI of subjects diagnosed with SCZ (Hashimoto et al., 2003; Volk et al.,
2012a). To this end, it is important to note that there is evidence
for broad epigenetic dysregulation of GAD1/GAD67 in SCZ cerebral
cortex, affecting DNA methylation patterns at promoters and
proximal introns (Grayson & Guidotti, 2013; Huang & Akbarian,
2007), multiple types of histone modiﬁcations (Huang &
Akbarian, 2007; Tang, Dean, & Thomas, 2011), and chromosomal
loopings that provide structural backbone for GAD1 promoter
interactions with cis-regulatory elements positioned 50 kb further
upstream (Bharadwaj et al., 2013) (Fig. 2). Thus, it would be important to explore whether the epigenomic architecture of the GAD1
gene locus on chromosome 2q31, and other genomic sites,
becomes dysregulated in PVI during development. Expanding the
epigenomic study of GABAergic gene promotors beyond GAD1 is
essential to dissect the exceedingly complex interactions of
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transcriptional and post-transcriptional mechanisms. Some of the
transcriptional alterations observed in SZ postmortem brain (i.e.,
GAD1) could be directly linked to changes in the epigenetic architecture of GABAergic gene promoters, but some of the transcriptional alterations such PV could be in part the consequence of
GAD1 epigenetic dysregulation. While developmental regulation
has been conﬁrmed for bulk prefrontal cortex tissue, and for neuronal nuclei sorted with a pan-neuronal marker, from the prenatal
period to early adulthood and even beyond, it remains to be clariﬁed whether PVI interneurons show dynamic regulation of DNA
cytosine and histone lysine methylation at GABAergic gene promoters during critical periods in development (Cheung et al.,
2010; Huang et al., 2007; Siegmund et al., 2007). There is little
doubt that epigenetic and other factors resulting in dysregulated
expression of GAD1/GAD67 as a key enzyme for GABA synthesis
could be highly detrimental to normal PVI function in diseased cortex (Uchida, Furukawa, Iwata, Yanagawa, & Fukuda, 2014).
Importantly, conditional PVI-speciﬁc Gad1 ablation in juvenile
mouse cortex negatively affects dendrite morphology and connectivity of these cells, thereby causing synaptic deﬁcits and pyramidal cell hyperexcitability (Chattopadhyaya et al., 2007; Lazarus,
Krishnan, & Huang, 2013). Therefore, there can be little doubt that
a new generation of epigenetic studies, exploring PVI and other
cell-type speciﬁc epigenomes in diseased human brain and in preclinical model systems, is likely to provide novel insights into the
neurobiology of SCZ and related disease. Furthermore, DNA methylation and histone modiﬁcation changes at some of the promoters
regulating PVI circuitry including REELIN, GAD1 (encoding GAD67
GABA synthesis enzyme) and BDNF (Brain-derived Neurotrophic
Factor), not only show epigenetic status in SCZ postmortem brain,
were also found in lymphocyte extracts from patients (Aberg et al.,
2014; Auta et al., 2013; Gavin, Kartan, Chase, Jayaraman, & Sharma,
2009; Ikegame et al., 2013). This is interesting because it may provide an opportunity to explore epigenetic alterations in the context
of ‘biomarkers’ (deﬁned here as molecular or functional marker for

Fig. 2. Epigenetic regulation at the GAD1/GAD67 gene locus. (A) Chromosomal loopings between 5’end of Gad1-TSS and regulatory sequences 50 kb upstream marked by a
H3K4me3 peak and additional histone modiﬁcations in human and mouse cortex. It is selectively labeled with H3K4me3 sites in cortex (Bernstein et al., 2012). (B) This 50-kb
loop also exists in humans and is characterized by RNA polymerase II binding and H3K4me3 sites. The loop is weakened in the prefrontal cortex of subjects with
schizophrenia along with decreased GAD1 gene expression, loss of the H3K4me3 mark, altered levels of CpG island, and probably also RNA polymerase II binding.
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a disease process – SCZ), including coordinated neuronal network
synchronizations such as the 40–100 Hz ‘gamma’ oscillations and
their cognitive and neuroimaging correlates amenable to exploration in SCZ patients and healthy subjects (Cho, Konecky, &
Carter, 2006; Hirano et al., 2015; Yoon et al., 2010). Given that
PVI play a key role in modulating this type of localized synchronized activity in the cerebral cortex (Lewis, 2014; Uhlhaas &
Singer, 2014; Volman, Behrens, & Sejnowski, 2011), the study of
epigenetic regulators of PVI function and, more broadly, of cortical
GABAergic circuitry, could soon move center stage, with promising
avenues for postmortem brain and animal research, and even for
clinical settings.
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