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Abstract

Stress is a major risk factor for neurodevelopmental and neuropsychiatric disorders, with

the capacity to impact susceptibility to disease as well as long-term neurobiological and
behavioral outcomes. Parvalbumin (PV) interneurons, the most prominent subtype of GABAergic
interneurons in the cortex, are uniquely responsive to stress due to their protracted development
throughout the highly plastic neonatal period and into puberty and adolescence. Additionally,
PV+ interneurons appear to respond to stress in a sex-specific manner. This review aims to
discuss existing preclinical studies that support our overall hypothesis that the sex-and age-specific
impacts of stress on PV+ interneurons contribute to differences in individual vulnerability to
stress across the lifespan, particularly in regard to sex differences in the diagnostic rate of
neurodevelopmental and neuropsychiatric diseases in clinical populations. We also emphasize
the importance of studying sex as a biological variable to fully understand the mechanistic and
behavioral differences between males and females in models of neuropsychiatric disease.
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Introduction

Stress is a common and unavoidable aspect of life as well as a major risk factor for
numerous neurodevelopmental and neuropsychiatric diseases, including major depressive
disorder (MDD) (Xie et al., 2017; Belleau et al., 2018; Slavich and Sacher 2019), bipolar
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disorder (Ellicott et al., 1990; Kapczinkski et al., 2008; Davis et al., 2017), posttraumatic
stress disorder (PTSD) (Davidson and Baum 1986; Ottenweller et al., 1989; Musazzi et al.,
2018), anxiety disorders (Baranyi et al., 2005; Bondi et al., 2008; Smoller 2016), autism
spectrum disorder (ASD) (Ronald et al., 2011; Manzari et al., 2019), and schizophrenia
(Calabrese et al., 2009; Howes et al., 2017; Gomes et al., 2019). Although all individuals
experience stress throughout the lifespan, stress only triggers pathological symptoms in a
small fraction of the population, suggesting individual differences in vulnerability to stress.

There are many proposed neurobiological mechanisms and neural circuits implicated in
vulnerability and resilience to stress, including differential activity within the hypothalamic-
pituitary-adrenal (HPA) axis (Froger et al., 2004; Bangasser et al., 2010; Wood et al., 2010),
altered cortical connectivity (Diorio et al., 1993; McEwen 2001; Bergstrom et al., 2008;
Taliaz et al., 2010), degree of prefrontal cortex (PFC) activity and control of the amygdala
(McEwen and Morrison 2013; Kumar et al., 2014), dysregulation within the reward pathway
(Krishnan et al., 2007), serotonin transporter (SHTTLPR) polymorphism (Caspi et al., 2003;
Hariri and Holmes 2006; Uher and McGuffin 2008; Way and Taylor 2010), and GABAergic
dysfunction (Herman et al., 2004; Luscher et al., 2010; Guillox et al., 2012; Shepard et al.,
2016; Zhu et al., 2017; Duman et al., 2019). Additionally, females have been shown to be
differentially vulnerable to stress throughout stages of the menstrual cycle, suggesting a role
played by ovarian steroid hormones on brain circuits involved in stress response (e.g., PFC
and amygdala; Ossewaarde et al., 2010).

These neurobiological differences in stress vulnerability and resilience often come from
complex interactions between genes, the environment, and stress, beginning as early as

the prenatal period. Maternal stress, including infection or sickness during pregnancy as
well as psychosocial stressors like bereavement stress, has been associated with changes in
emotionality and a risk for developing ASD and schizophrenia in offspring (van Os and
Selten, 1998; Darnaudery and Maccari, 2008; Mueller and Bale 2008; Bale 2011; Howerton
and Bale, 2012). Paternal stress has also been shown to play a role in modulating epigenetic
vulnerability to stress in offspring (Rodgers et al., 2013; Rogers and Bale, 2015). Like
prenatal factors, early life experiences from birth throughout adolescence play a role in
shaping individual vulnerability to stress later in life (Benjet et al., 2010; Lindert et al.,
2014; Allen and Dwivedi, 2020; Lippard and Nemeroff, 2020). The multitude of biological
and environmental influences and their complex interactions on specific vulnerability

to stress makes determining discrete effects on the role of stress on development of
neurodevelopmental and neuropsychiatric diseases uniquely challenging.

Both clinical and preclinical models are used to study how brain regions respond to acute
and chronic stressors, as well as the resulting behavioral effects of these stressors. Clinical
studies in populations exposed to major stressors such as natural disasters or chronic illness
are perfectly positioned to provide evidence of the relationship between adverse events and
behavioral pathologies in humans. However, to gain a mechanistic understanding of the
effects of stress on the brain (at different levels of analysis) and their consequences on
behaviors, preclinical models are more appropriate. Animal-based paradigms have several
advantages, including the study of gene-environment interactions and control over length
and intensity of stressor, type of stressor, and time of stress in relation to the lifespan (i.e.,
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prenatal stress, early life stress, adulthood stress) (Nestler et al., 2002; Burrows et al., 2011).
For instance, the effects of prenatal stress on neurodevelopmental outcomes in offspring are
highly dependent on the type of stress and the exact gestational period at which the stress

is applied (Howerton and Bale, 2012). In addition, animal models allow for the controlled
inclusion of sex as a biological variable, which is of particular importance when considering
the clinical implications of neuropsychiatric disease.

Neurodevelopmental and neuropsychiatric diseases are not equally diagnosed among men
and women. Men are more likely to be diagnosed with neurodevelopmental disorders,
including ASD (Baron-Cohen et al., 2011; McCarthy and Wright 2017), schizophrenia
(Tamminga 1997; Cyr et al., 2002; Grossman et al., 2008), and attention deficit hyperactivity
disorder (ADHD) (Pauls 1991; Andersen and Teicher 2000; Bélint et al., 2008), whereas
women are more likely to be diagnosed with affective disorders including MDD (Weissman
et al., 1996; Altemus 2006; Rubinow and Schmidt 2018), anxiety (Hankin 2009; Altemus et
al., 2014) and PTSD (Kessler et al., 1995; Christiansen and Berke, 2020). Evidence supports
the idea that sex-specific vulnerabilities to neuropsychiatric and neurodevelopmental
disorders are, at least in part, driven by differences at the cellular, molecular, and histological
levels. We also cannot ignore societal reasons, such as a lack of understanding of divergent
symptomology in diseases such as ASD leading to underdiagnosis and later age of in
females, in facilitating some sex differences in these disorders (Lundstrom et al., 2019; Hull
et al., 2020; Ferri et al., 2018). In spite of this, sex differences in neurodevelopmental and
neurobiological disorders are receiving more attention now than ever before, and research

to established mechanisms underlying sex differences in these disorders has identified
numerous factors that may contribute to sex-specific pathologies.

The GABAergic system is of particular interest when studying the neurobiology of
neurodevelopmental and neuropsychiatric diseases. GABA is the primary inhibitory
neurotransmitter in the central nervous system and plays a critical role in modulating the
activity of numerous other neurotransmitter systems in the brain, notably its excitatory
glutamatergic counterpoint. GABAergic circuit development begins mid-gestation and
continues until the end of adolescence, playing a role in the maturation of cortical and
subcortical regions. Disruption of GABAergic circuitry can therefore have potent effects on
brain development and behavior. Importantly, clinical and preclinical studies have identified
sex differences in the GABAergic system under both basal and pathological conditions.

In the rat hypothalamus, glutamic acid decarboxylase (GAD), the rate-limiting enzyme

in the GABA synthesis pathway, was expressed 2-fold greater in males than females,
suggesting that males have a higher rate of GABA turnover (Searles et al., 2000). Stress
also differentially affects the GABAergic systems in male and female mice. At baseline,
male mice have a greater number of GABAA receptors compared to females in all cortical
regions. Following two days of acute swim stress in adulthood, the number of GABAA
receptors decreases in males but increases in females in the frontal cortex, cingulate cortex,
and dentate gyrus (DG) (Skilbeck et al., 2008). Interestingly, reduced GABA concentration
in the superior temporal sulcus in humans is associated with ASD in females, but not males
(Kirkovski et al., 2018) and disruption of GABAergic neurotransmission and interneurons
have been associated with numerous neurodevelopmental and neuropsychiatric diseases,
including ASD, schizophrenia, MDD, and anxiety (Dhossche et al., 2002; Fatemi et al.,
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2007; Coghlan et al., 2012; Garbutt et al., 1983; Gonzalez-Burgos et al., 2010; Lewis et al.,
1999; Mohler 2012; Petty 1995).

GABAergic circuitry consists of multiple subtypes of GABAergic interneurons which

are distinct based on their morphological, molecular, and electrophysiological properties.
Nearly all GABAergic interneurons express one of three unique markers, allowing them

to be sorted into three broad classes: somatostatin (SST), SHT3aR, or parvalbumin

(PV). SST+ interneurons make up approximately 30% of all cortical interneurons and
control spiking input to pyramidal neurons by targeting dendrites (Tremblay et al.,

2016). Disruption within SST+ interneurons have been associated with several stress-
related pathologies, particularly MDD (Fogaca & Duman, 2019; McKleeven et al, 2019).
Decreases in the number of SST+ interneurons in the cortex have been also associated
with both schizophrenia and Alzheimer’s disease (AD) (Morris et al., 2008; Perez et al.,
2019). 5HT3R+ interneurons are a heterogenous group of interneurons, consisting of
many subtypes (including calreticulin, cholecystokinin, calbindin, and vasoactive intestinal
peptide-expressing interneurons (VIP)) that all express the 5SHT34 and nicotinic receptors.
Reductions in VIP+ interneurons are seen in both bipolar disorder and schizophrenia,

and increases in calbindin-positive interneurons have also been in schizophrenia (Fung

et al., 2014). The most abundant subtype of GABAergic interneuron in the cortex

is PV+ interneurons, which are characterized by their fast-spiking properties. PV+
interneurons play a critical role in maintaining the balance between excitatory and inhibitory
neurotransmission in the central nervous system (Ferguson & Gao, 2018). Maintenance of
the excitatory:inhibitory (E:I) balance is critical for emotional regulation, cognition, and
information processing (Lew & Tseng, 2014; Caballero et al., 2021); dysregulations in

the E:I balance within cortical and subcortical circuits have been suggested as potential
causative mechanisms behind multiple neurodevelopmental and neuropsychiatric disorders
(for review, see Nelson & Valakh, 205; Ferguson & Gao, 2018; Page & Coutellier,

2019). PV+ interneurons specifically undergo a protracted development throughout early
postnatal life and adolescence and are sensitive to the effects of stress (discussed below),
making them a prime candidate for a potential mechanistic role in the pathophysiology

of neurodevelopmental and neuropsychiatric disease. Although multiple subpopulations of
GABAergic interneurons have been identified in the cortex and sub-cortical regions involved
in regulation of complex behaviors, such as the hippocampus and amygdala (for review, see
Marin 2012; Fogaca & Duman, 2019; Fee et al., 2017; Yang et al., 2021), this review will
address the impacts of stress on PV+ interneurons in preclinical models based on type of
stress, biological sex, age at which stress is applied, and brain region.

Here, we gather existing preclinical work looking at the differential impact of stress on
PV+ interneurons throughout the lifespan in support of the hypothesis that the age- and
sex-specific effects of stress on PVV+ neurons play a role in sex-specific differences in
vulnerability to stress throughout the lifespan. We will discuss how models of acute and
chronic stress performed during the prenatal, juvenile, adolescent, and adult periods lead
to contrasting cellular and behavioral phenotypes in male and female subjects. A clear
understanding of age- and sex-dependent effects of stress on PV+ interneurons would
have broad implications for the interpretation of future studies modeling the role of
PV+ interneurons in stress-related affective disorders and neurodevelopmental diseases.
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Additionally, we discuss the role that estrogen and other gonadal steroid hormones may
play in differentiating the impact of stress on PV+ interneurons between males and females
in preclinical studies, and how this relates to sex differences seen in clinical populations.
We will also emphasize the importance of studying sex as a biological variable to fully
understand the mechanistic and behavioral differences between males and females in
models of neuropsychiatric disease. This is of utmost importance to fully grasp sex-specific
differences in symptom presentation and neural correlates in stress-related pathologies in
clinical populations.

1. Arrole for parvalbumin interneurons in neuropsychiatric and

neurodevelopmental disease

Beyond maintenance of the E:l balance, PV+ interneurons have multiple physiological
properties that are implicated in disease pathology. PV+ interneurons synapse onto

multiple local excitatory pyramidal neurons to regulate their firing activity, allowing for
both feedback and feedforward inhibition within circuitry (Packer & Yuste, 2011). This
mechanism allows for the creation and maintenance of gamma oscillations (~25-100

Hz) which function as a ‘metronome’ within the cortex, allowing for coordination and
synchronization of neuronal firing and play a role in cognition and information processing
(Buzsaki & Draguhn, 2004; Gaetz et al., 2011). Disruptions in gamma oscillations have been
linked to the cognitive symptoms seen in ASD, schizophrenia and AD; these disruptions
may be due to differential activity in PV/+ interneurons leading to changes in gamma
oscillation patterning (Steullet et al., 2010; Mably & Colgin 2018). Reductions in PV+
interneuron activity lead to reductions in gamma oscillations, while increases in PV+
interneuron activity lead to increases in gamma oscillations. Interestingly, work from
Fernando and Mody finds that gamma oscillations are also altered during pregnancy,
suggesting that the change in female hormone milieu may modulate PV+ interneurons
activity (Ferando & Mody, 2013). Importantly, PV+ interneurons are sensitive to stress, an
important risk factor to several neurodevelopmental and neuropsychiatric disorders, and this
sensitivity may contribute to emergence of these diseases. Disruption to PV+ interneurons
cause many cognitive and behavioral deficits sufficient to model numerous psychiatric
diseases, including schizophrenia, ASD, MDD, and anxiety (Dienel & Lewis, 2019; Wohr et
al., 2015; Page et al., 2019).

Aside from their sensitivity to stress, another characteristic of PV+ interneurons that

is relevant to the etiology of neurodevelopmental and neuropsychiatric disorders is that
PV+ interneurons undergo a protracted maturation, continuing to develop into postnatal
life and throughout adolescence. Immunohistological staining shows that the number of
PV+ interneurons in the PFC steadily increases from juvenility throughout adolescence

in rats (Caballero et al., 2014). Additional rodent studies have found that this maturation

is mediated by estradiol in females (Wu et al., 2014) and BDNF in males (Du et al.,

2018). In non-human primates, the amount of PV protein also significantly increased from
adolescence to adulthood, suggesting maturation of inhibitory tone. The number of cells
expressing PV, however, were decreased in adulthood compared to juveniles in non-human
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primates (Fish et al., 2013). This may be indicative of synaptic pruning leading to stronger
and more efficient inhibitory synapses as part of overall circuit maturations.

An increase in PV during juvenile and adolescent maturation plays a role in shifting the tone
of the PFC through a gain of inhibitory control. The resulting change in the E:I balance is
thought to play a role in triggering the onset of a critical period in adolescence (Berger et

al, 2013; Hensch et al., 1998) Critical periods of development are defined by specific time
windows in which experience and neural circuitry interact to shape development of brain
circuitry and behavior (Laresen & Luna, 2018). The role of PV+ interneurons in regulating
critical periods has been evidenced in the primary visual cortex, where maturation of PV+
interneurons is necessary for normal development of vision from early life to into adulthood
(Chattopadhyaya et al., 2004; Toyoizumi et al., 2013). It has also been suggested that in
adolescence, PV+ maturation drives a similar critical period maturation of PFC circuitry
and inhibitory behaviors (Caballero & Tseng, 2016; Reynolds et al., 2019). These periods
are marked by high level of plasticity at the cellular and circuit levels, emphasizing the
importance to study the effects of environmental insults on PV+ interneurons populations
and the downstream neural circuits they regulate throughout the lifespan.

PV+ interneurons reach a mature phenotype with the formation of perineuronal nets (PNNs),
which are specialized components of extracellular matrix that preferentially surround PV+
interneurons. PNNs contribute to the closure of the critical period by forming a barrier
against new synapse formation while increasing stability of existing synapses (Baker et al.,
2017). In addition, PNNs increase the excitability of PV+ interneurons and protect them
against the effects of oxidative stress (Cabungcal et al., 2013). Interestingly, PNN formation
at the end of the critical period is regulated by pubertal onset in females, but not males
(Drzewiecki et al., 2020). PNNs are also vulnerable to the effects of stress, disrupting

the protective barrier surrounding PV+ interneurons and leading to more instability within
the circuitry (Gildawie et al., 2020; Wen et al., 2018). Considering the role PNNs play

in numerous behaviors including executive function, memory storage, and behavioral
information (Gogolla et al., 2009; Testa et al., 2019), it is highly important to consider

how exposure to stress can influence their formation during development.

Finally, PV+ interneuron development is marked by important sex differences that can

help understand why specific neuropsychiatric and neurodevelopmental disorders are bias
toward one sex or the other. In female mice, expression of PV protein and GAD67 increases
throughout adolescence and early adulthood in the hippocampus in a process mediated by
estradiol, while no such increase is seen in males (Wu et al., 2014). Maturation of inhibitory
transmission in the frontal cortex is also mediated by ovarian hormones in female mice
(Piekarski et al., 2017). Interestingly, PV+ interneurons heavily colocalize with estrogen
receptor beta (ERB) (Blurton-Jones & Tuszynski, 2002), suggesting that there may be a
direct modulation of PV+ interneuron development by pubertal estrogens. Studies assessing
normal development of the PFC in humans also finds a developmental increase in PV
mRNA throughout postnatal development and adolescence (Fung et al., 2010), but to our
knowledge there is no data showing that this is driven by estradiol. Importantly, a large
body of research suggests that PV+ interneurons may be sensitive to stress in a sex-specific
manner, an effect that is also modulated by age at the time of stress exposure (Table 1).
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2.

These findings, which will be discussed in the sections below, support our overall hypothesis
that age- and sex-specific effects of stress on PV+ interneurons play a critical role in
sex-specific vulnerability to neurodevelopmental and neuropsychiatric disorders.

Prenatal stress

Prenatal stress is associated with numerous neurodevelopmental and neuropsychiatric
disorders including ASD, PTSD, and schizophrenia (Bale 2015; Bale and Epperson, 2015;
Rogers and Bale 2015). In humans, the cognitive, emotional, and behavioral effects of
prenatal stress seem to be sex specific, with males being more vulnerable to short- and
long-term effects of exposure to stress during this critical period than females (Sandman et
al., 2013; Bale and Epperson, 2015). In preclinical models, stress during the prenatal period
has been associated with changes in several behavioral domains as well as altered HPA axis
functionality, changes in cortical thickness, and abnormalities in GABAergic circuitry (for
review, see Fine et al., 2014). In support of our hypothesis, aberrations in developmental
trajectory, protein quantification, and cell counts of PV+ interneurons have been found
following prenatal stress.

Most existing studies assessing PV+ interneurons following prenatal stress use a model of
maternal restraint. Unfortunately, few of them directly examine sex differences in offspring
following the stressor. Multiple studies use a heterozygous GAD67*/~ mouse, a model

of Gad1 gene disruption. Gadl encodes GAD67 or glutamate decarboxylase, which is
responsible for synthesizing GABA, and is a common genetic risk factor for schizophrenia
(Uchida et al., 2014). Heterozygous (GAD67+/~) male offspring from dams exposed to
restraint under bright light over gestational day (GD)15-17.5 have fewer PV+ interneurons
within the mPFC, hippocampus, and somatosensory cortex (S1), as well as decreased
density of PV+ interneurons expressing GAD67 in all layers of the mPFC and the CAl
region of the hippocampus at post-natal day (P)P21 compared to P21 male mice from
non-stressed dams (Uchida et al., 2014, Wang et al., 2018). Male GAD67*/~ offspring
from dams subjected to 45 minutes of restraint under bright light three times daily from
GD12 to birth show a similarly altered developmental trajectory of PV+ interneurons
throughout juvenility and adulthood. At P24, PV+ cell number was decreased in the mPFC
and hippocampus compared to non-stressed controls. In adult (P150), the number of PV+
interneurons in the mPFC and hippocampus increased above that of controls, suggesting an
overcorrection within the circuit (Lussier and Stevens, 2016). These adult mice displayed
increased anxiety-like behavior in the elevated plus maze and the open field compared to
non-stressed controls, and this behavioral phenotype was associated with increased GAD67
in the hippocampus (Lussier and Stevens, 2016). The aforementioned studies, however, only
assessed male offspring.

When offspring of both sexes are assessed following prenatal stress, males show an
exacerbated cellular and behavioral phenotype. Ajpas4 helps regulate the formation of
inhibitory synapses onto excitatory cells in the cortex in an activity-dependent manner and
has transcriptional control over other essential genes, including BONFand ErgZ (Lin et al.,
2008; Spiegel et al., 2014). In Npas4-deficient offspring of dams exposed to chronic restraint
stress from GD7-19, males showed deficits in social behavior as well as reduced PV/cFos
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co-labeling in the infralimbic cortex compared to controls. Female offspring of the same
model did not show any behavioral or histological changes (Heslin and Coutellier, 2017).

Male offspring were also found to be more susceptible to prenatal stress than females

in a rat model of maternal social stress, in which an adapted resident-intruder paradigm
was applied from GD16-20. In this study, male offspring displayed a reduced number

of PV+ interneurons in the PFC, all regions of the hippocampus, and the basolateral
amygdala (BLA) compared to controls, whereas female offspring only displayed decreased
PV+ interneuron density in the CA1 region of the hippocampus. Males, but not females,
displayed anxiety-like behavior. Interestingly, both the behavioral and cellular deficits
caused by prenatal stress are recovered by antioxidant treatment in males, without effect

in females (Scott et al., 2020). These studies show that the social and affective behaviors
and PV+ interneuron populations of males are more sensitive to prenatal stress than females,
with effects continuing into adulthood.

However, other findings suggest a more complex relationship between age-specific changes
in the PV system and behavioral alterations. A study using a rat model of maternal restraint
from GD15-21 found an increase in levels of PV protein in the hippocampus in early life,
puberty, and adulthood of male offspring exposed to prenatal stress. Behaviorally, these
male offspring had memory deficits in the Morris water maze and novel object recognition
tasks during early life and the pubertal time periods, but not in adulthood (Shang et al.,
2021). This reveals that long term cellular changes in the hippocampus may not necessitate
behavioral changes in adulthood (Shang et al., 2021), potentially through plasticity of other
systems.

Going beyond correlational analyses between stress-induced changes within PV circuitries
and behavioral endpoints should be the next necessary step to unravel the exact role played
by age-specific changes in PV-dependent inhibition and behavioral deficits. Chemogenetic
studies, for instance, have been used to modulate PV+ interneuron activity and determine
the behavioral impacts. Additionally, mice that are heterozygous for the gene regulating PV
protein transcription, Pvalb, provide unique opportunities to study the effects of prenatal
stress in a PV knockdown model. Notably, most existing studies examining the role

of prenatal stress on PV+ interneurons only utilize male subjects. More studies directly
assessing sex as a biological variable in the impact of prenatal stress on PV+ interneurons
must be conducted to draw stronger conclusions about sex-specific impacts.

3. Early life stress

Neural development, particularly within the cortex and limbic system, continues at a rapid
pace during early postnatal life and throughout adolescence, leaving the brain vulnerable to
the effects of stress during this time. The use of preclinical models to study stress during
early life are advantageous in that distinct periods of development, including neonatal (PO—
21), juvenile (P21-30), and adolescent (P30-60)(Eiland and Romero, 2013) periods, have
been mapped and can easily be targeted to determine the specific effects of stress during
those specific developmental periods. Additionally, the pubertal period (P28-42), which
overlaps with the end of juvenility and the beginning of adolescence, has been implicated
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in unique developmental outcomes. Brain regions that are known to be stress responsive,
including the hippocampus, amygdala, and the PFC, are also increasingly plastic during
early life, and it is during this time that the GABAergic system undergoes important
maturational events (Elrlich et al, 2013; Wu et al, 2014; Caballero & Tseng, 2016).

During early life, the E:I balance is refined within the PFC, controlling the maturation of
higher-order cognitive abilities including working memory, impulse control, and decision
making (Le Magueresse and Monyer, 2013; Takesian and Hensch, 2013; Caballero et

al., 2016). Refinement of E:| balance is largely dependent on maturation of GABAergic
interneurons, including PV+ interneurons, in a process that is sex-specific and reliant on
numerous endogenous factors, including BDNF in males (Du et al., 2018) and estradiol in
females (Wu et al., 2014). Age-specific changes do not limit themselves to local circuits

as long-range connections between the PFC and subcortical regions also mature during this
time. This includes PFC-BLA and PFC-ventral striatum connections that subserve social,
cognitive, and affective functions (Brummelte et al., 2007; Brenhouse and Andersen, 2011;
Anastasiades and Carter, 2021).

3.1 Neonatal stress (P0-21)

Exposure to early life stress (ELS) increases risk of developing a neuropsychiatric disorder
(Heim & Nemeroff, 2002). In preclinical models, neonatal stress takes place prior to
weaning (from P0-P21) and mimics early life neglect through limited bedding or maternal
separation paradigms (Plotsky and Meaney, 1993; Rice et al., 2008; George et al., 2010;
Walker et al., 2017).

Female rats submitted to maternal separation from P2-20 expressed lower levels of PV
protein in the PFC during the juvenile period (P25) compared to controls, which was
correlated with deficits in social interactions. In males exposed to maternal separation,
deficits in PV protein expression were not seen until adolescence (P40) (Holland et al.,
2014). The earlier loss of prefrontal PV protein level in females could be indicative of

their increased sensitivity to neonatal stress. This idea is supported by other studies; for
instance, females exposed to limited bedding from P4-11 have fewer PV+ interneurons

in the olfactory cortex (OFC) in adulthood, an effect not seen in males. This deficit in

PV+ interneurons was accompanied by deficits in rule-reversal learning, which could be
recapitulated through chemogenetic silencing of PV+ interneurons in the OFC of healthy
controls (Goodwill et al., 2018). Other studies, however, find that ELS preferentially effects
males. Maternal separation from P2-20 reduces prefrontal PV protein expression at P40
and P55 in male rats only, although behavioral changes in the win-shift task from P40-P55
are seen in both males and females following ELS. Interestingly, this study also found that
maternal separation accelerates the onset of puberty in female rats (Grassi-Oliviera et al.,
2016). Altogether, these findings might indicate that ELS affects differently the trajectory of
PV+ interneurons postnatal development in males and females.

Studies examining PV+ interneurons in the BLA suggest that this region may be particularly
susceptible to ELS. A study reports an increase in the number of cells expressing PV in

the BLA of male mice at P21 following a limited bedding paradigm (Nieves et al., 2020),
and field and whole cell electrophysiological recording in juvenile rats following a limited

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woodward and Coutellier Page 10

bedding paradigm from P0-10 revealed reduced activity of PV+ interneurons in the right
BLA of males, with no changes in females (Guadagno et al., 2020). However, following
maternal separation, both male and female rats were found to have reduced staining intensity
of PV+ interneuron at P20, suggesting lower levels of PV protein (Soares et al., 2020).
These changes in PV protein expression and PV+ interneuron number following ELS

may be driven by oxidative stress. In a rat model of maternal separation from P2-20,
increased colocalization of PV and 8-0xo-DG (a marker of oxidative stress) is depicted

in the mPFC, the CA1 region of the hippocampus, and the DG at P20 (Soares et al.,

2020). Although the effects of ELS on PV+ interneurons are relatively widespread across
sex and brain region, it is evident that this period is critical for development of normal
circuitries and behavior. Further studies should attempt to dissect the effects of ELS on the
developmental trajectory of PV+ interneurons in a sex- and brain region-specific manner
through longitudinal investigations to gain a clear understanding of how ELS can impact
behaviors on the long-term.

3.2 Juvenile stress (P21-30)

The juvenile phase consists of a short post-weaning period (P21-30) that overlaps with

the beginning of puberty before adolescence begins. It appears that the effects of stress
during this period differ according to the type of stress and by brain region, and

behavioral outcomes are equally variable. Furthermore, various aspects of PV+ interneurons
physiology, anatomy, and properties seem to be differently affected by juvenile stress. A
short-term pre-pubertal stress paradigm (P25-27) led to increased double-labeling of PV
and doublecortin, a marker of newborn neurons, in the adult DG, suggesting that juvenile
stress alters adult hippocampal neurogenesis. Changes at the cellular level were only evident
in males, despite females displaying impairments in hippocampal-dependent contextual fear
conditioning following pre-pubertal stress (Brydges et al., 2018). Interestingly, exposure to
chronic stress from P21-30 in male mice reduced depressive-like behaviors in the forced
swim test at the end of the juvenile period. These mice also displayed altered social
behavior, but did not display changes in anxiety-like behavior compared to non-stressed
controls. These behavioral outcomes were accompanied by a reduction in intensity of PNNs
in the CAL1 region of the hippocampus, the PFC, and the dAC. Additionally, this stress
paradigm reduced the area of the soma of PV+ interneurons in the CA3 region of the
hippocampus and the dAC (Ueno et al., 2018). These changes in PNNs may suggest that
juvenile stress may lead to increased synaptic plasticity, however the long-term effects of
this paradigm have not been assessed.

Another paradigm of juvenile stress, juvenile social isolation, leads to altered social behavior
in adulthood, even after mice were returned to a group-housed environment. Whole-cell
patch clamp recording also revealed that PV+ interneurons of socially isolated male mice
failed to follow a normal developmental trajectory in the dorso-medial PFC, leading to
decreased activation patterns of PV+ interneurons, decreases in intrinsic excitability, and

an altered E:l ratio in adulthood (Bicks et al., 2020). Juvenile social isolation, which can
induce oxidative stress, lessens the number of PV+ interneurons in the DG of male mice in
adulthood compared to group-housed controls. These socially isolated male mice also had

a lower percentage of PV+ interneurons surrounded by PNNs in the CAl and DG regions
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of the hippocampus. Additionally, levels of PV protein expression, as measured by intensity
of fluorescence, were lower in socially isolated mice in all regions of the hippocampus as
well as the temporal cortex (Ueno et al., 2017). Very few studies exist directly examining
the effects of stress during the juvenile period, and less is known about the long-term
implications of stress during this time. Of particular interest is whether exposure to juvenile
stress imparts vulnerability or resilience to future stressors (for review, see Schroeder et

al., 2018). While some studies suggest that juvenile stress exposure may lead to resilience
in the face of adulthood stress (Ricon et al., 2011; Albrecht et al., 2011), the role of PV+
interneurons in facilitating risk and resilience to future stressors has yet to be determined.

3.3 Pubertal and adolescent stress (P30-60)

The adolescent period, and the coinciding process of puberty, is marked by behavioral
changes associated with maturation of the frontal cortex and re-organization of the limbic
system. Although these developmental phases overlap, it is important to recognize that
puberty is a key phase of development conserved across species, and plays a role in the
maturation of numerous brain systems, such as the HPA axis (Schroeder et al., 2018).
Together, these developmental phases interact, and increased neural plasticity during this
period is influenced by the direct and indirect actions of the influx of gonadal hormones
associated with puberty. Adolescence is associated with a second period of synaptogenesis,
a process deeply linked with the actions of estradiol (Matsumoto 1991). PV and PNN
expression are also regulated by puberty. Both male and female rodents express estrogen
receptor B (ER-B) on PV+ interneurons and may be sensitive to the effects of increased
circulating estradiol during this period (Blurton-Jones and Tuszynski, 2002; Kritzer 2002).
We are unaware, however, of any studies identifying ER-p on PV+ interneurons in humans
at this time. In female rats, the density and intensity of PV+ interneurons in the PFC
increases from P20-40, but decreases by P70 (Gildawie et al., 2020). Additionally, female
rats show an abrupt decrease in PNN number in the mPFC around P35 that is specifically
associated with pubertal status and may be associated with closure of critical periods

of plasticity and stabilization of PV networks (Takesian and Hench 2013; Drzewiecki et
al., 2020; Delevich et al., 2021). Furthermore, an increase in circulating 17p-estradiol is
necessary for maturation of inhibitory neurotransmission within the PFC in females, a
process which is blocked by ovariectomy (Piekarski et al., 2017).

Evidence indicates that the effects of stress during the adolescent and pubertal periods may
be sex specific. Male and female C57BL/6 mice that underwent two weeks of unpredictable
chronic mild stress (UCMS) during adolescence from P28-42 displayed sexually dimorphic
phenotypes, with only stress-exposed males showing a decrease in the number of P+ cells
in the prelimbic (PrL) PFC, associated with increased adolescent and adult anxiety-like
behavior. Interestingly, while females exposed to UCMS displayed increased anxiety-like
behavior, UCMS did not affect P+ interneurons number in the PFC, suggesting that the
adolescent stress-induced anxiety in females might be driven by other mechanisms (Page
and Coutellier, 2018). This study also reports an inverse correlation between number of
PV+ interneurons and levels of anxiety-like behaviors in the open field test, especially

in females, a finding that was reported previously in adult female mice (Shepard et al,
2016) and that warrant further investigation to better understand the relationship between
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number of prefrontal PV+ interneurons and anxiety. This finding, however, suggests a role
for prefrontal PV cells in maturation of emotionality, potentially through the mPFC-BLA
pathway, which has been shown to mediate stress-induced increase of anxiety (Liu et al.,
2020). Interestingly, exposure to ELS has been linked to accelerated maturation of projection
neurons that extend from the PFC to the BLA in females only (Nieves et al., 2020). It would
be interesting to determine whether adolescent stress similarly affect prefrontal-amygdala
circuits.

Other studies support the sex-specific effects of adolescent and pubertal stress in
parvalbumin systems. Bueron-Fernandez et al. found that female, but not male, mice
exposed to stress during the pubertal period (P28-42) had an increase in dendritic
complexity of prefrontal PV+ interneurons (Bueron-Fernandez et al., 2021). On the other
hand, male mice submitted to social isolation throughout the duration of juvenility and
adolescence (P21-P56) display a lower density of PV+ interneurons in the DG and fewer
WFA+ PNNs surrounding PV+ cells in the CAL region of the hippocampus and the DG
compared to controls, however females were not assessed (Ueno et al., 2017).

Unfortunately, studies which include females to examine sex differences in adolescent stress
and the role of circulating gonadal steroids on mediating the effects of stress on PV+ cells
are scarce, leading to an overall lack of understanding on how stress impacts behavioral

and central maturational processes differently in males and females. Additional studies
determining the role of stress on mediating molecular and behavioral changes during this
time period, when sex differences in rates of diagnoses of affective disorders begin to appear
in clinical populations (Bale & Epperson, 2015), are therefore required.

“Two-hit” models of early life stress

An additional model of ELS assesses how exposure to one stressor early in life impacts

the response to a later stressor. These “two-hit” models of stress exposure are stem

from the “two-hit” hypothesis of neuropsychiatric disease, which posits that a first “hit”
during early brain development increases vulnerability to develop a neuropsychiatric disease
while a second “hit” later on in life will trigger the onset of said disorder (Bayer et

al, 1999; Hill et al, 2014). Often, preclinical studies modeling schizophrenia or other
neurodevelopmental disorders will combine an initial hit of maternal immune activation
(MI1A) with a second stressor in early life. These models can be applied to other
neuropsychiatric disorders including depression and anxiety (Monte et al, 2017; Jaric et al,
2019). In one study, pregnant mouse dams were exposed to polyinosinic:polycytidylic acid
(polyl:C), a potassium salt that activates the maternal immune system, at GD9 (equivalent to
the middle of the first trimester of gestation). Offspring were then exposed to peripubertal
stress from P30-40. The combination of the MIA and peripubertal stress led to fewer

PV+ interneurons in the DG of adult offspring, while neither stressor was sufficient on its
own to induce changes in the number of PV+ interneurons (sex not stratified) (Giovanoli

et al, 2014). In a similar paradigm with polyl:C injection from GD5-7 and peripubertal
stress from P40-48, both male and female rats displayed reduced prepulse inhibition (PPI)
and social preference in adulthood, but only females had a significant reduction in PV+
interneurons in the PFC and striatum. Both cellular and behavioral measures in males and
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females were corrected by administration of N-acetylcysteine, an antioxidant and precursor
to glutathione, a free radical scavenger implicated in schizophrenia (Monte et al, 2019).
Other “two-hit” models combine early maternal separation with social isolation during the
juvenile/adolescent period. One study reported that this “two-hit” model leads to fewer
PV+ interneurons in the PFC in adulthood in females only, associated with hyperactivity
and a decrease in risk-assessment behavior in the elevated zero maze (Gildawie et al.,
2021). Another study in female rats found that levels of PV protein were lower in the
amygdala and higher in the PFC of females presenting an anhedonic phenotype following
the two-hit exposure, compared to resilient, non-anhedonic animals, and to non-stressed
controls (Lukkes et al., 2018). These data show that P+ interneurons in cortical and limbic
regions are very plastic during sensitive periods of development, particularly in females,
which could be a contributing factor to females increased risk for psychiatric disorders

in adulthood. However, further studies are required to investigate the molecular and/or
endocrine factors that lead to sex-specific plasticity of PV+ interneurons as a way to gain
new insights on the etiology and clinical presentation of neuropsychiatric disorders.

4. Adult stress

Although adulthood is not a critical period of brain development, the adult brain is

still sensitive to the effects of stress and is subject to many allostatic-induced plastic
mechanisms, including changes in gene expression, HPA axis output, and the effects of
steroid hormones (McEwen 2004; Radley et al., 2015). Very few studies exist that directly
compare the effects of adult stress on PV+ interneurons in male and female rodents, and
the results are highly variable, making it difficult to postulate how the effects of stress

in these cells contributes to the sex differences we see in neuropsychiatric disorders in
clinical populations. Several studies have found that adult female PV+ interneurons are
more susceptible to the effects of chronic stress than males. Female rats maintained in
social isolation from weaning and throughout adulthood have decreased density of PV+
interneurons in the DG and CA2/3 region of the hippocampus, accompanied by a decrease
in average PPI of the startle reflex (Harte et al., 2007). An initial study using adult C57BI/6
mice subjected to two or four weeks of UCMS found that female mice had increased PV
mRNA as well as an increased number of PV+ interneurons in the PrL PFC and infralimbic
(IL) PFC, while males only displayed an increase in PV+ interneurons in the Prl PFC.
Behaviorally, males did not show significant changes in overall emotionality. Females, on
the other hand, displayed an overall increase in emotionality based on behavior in the open-
field and forced-swim tests, which was inversely correlated to level of PV mRNA expression
in the PFC (Shepard et al., 2016). In a follow-up study using BALB/c mice, a strain

noted for their increased propensity for anxiety, females displayed more severe emotional
dysregulations following two weeks of UCMS than males, including increased anxiety- and
depressive-like behaviors, as well as deficits in PFC-dependent cognitive tasks; this was
associated with an increase in the number of PV+ interneurons in the PFC and an increase
in prefrontal PV mRNA. While males showed increased anxiety in the open field, they did
not display changes in overall cognitive function or changes in PV expression (Shepard and
Coutellier, 2017). Other studies have also found changes in PV+ interneurons in the PFC
of adult females following chronic stress. After six days of chronic restraint stress female,
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but not male, rats displayed increased PV mRNA expression (Moench et al., 2020). After
four weeks of UCMS, both male and female mice have more PV+ interneurons expressing
cFos within the PFC, suggesting that chronic stress increased PV+ neuron activity. This
increase in PV activity was associated with increased anxiety- (but not depressive-) like
behavior in female mice only, a relationship that was causally verified by a chemogenetic
approach (Page et al., 2019). In support to stress-induced increased activity of prefrontal
PV+ interneurons being a driver to increased expression of emotional behaviors, others
reported decreased depressive-like behaviors in the novelty suppressed feeding test and/or
forced swim test following chemogenetic inhibition of prefrontal PV+ interneurons during
three weeks of chronic variable stress in male mice (Fogaca et al., 2020; Nawreen et al.,
2020). Together, these studies indicate that plasticity of PV+ interneurons in response to
adult stress drives changes in emotional behaviors, with effects on specific sub-domains of
affective behaviors being potentially sex-specific.

Other studies support the impact of stress on PV+ interneurons in adult males. Chronic

mild stress reduced the number of PV+ interneurons within the mPFC of phenotypically
anhedonic male rats (Czéh et al., 2018). Similarly, male rats exposed to chronic restraint
stress have fewer PV+ interneurons in all hippocampal subregions (Hu et al., 2010).
Interestingly, these effects are only seen following chronic stress. Filipovic et al. investigated
the influence of acute versus chronic or combined acute and chronic stress on PV expression
in the hippocampus of adult male mice and found that 21 days of chronic social isolation, or
its combination with two hours of an acute immobilization stress, decreased the number of
PV+ cells in CAl, CA3, and the DG of the hippocampus, while acute stress alone does not
lead to any changes in number of PV+ cells (Filipovic et al., 2013). Additionally, acute, but
not chronic, inhibition of PV+ interneurons led to a reduction in struggling duration in the
tail suspension test, suggestive of a depressive phenotype. This is supported by unpublished
data from our lab, which finds that acute activation of PV+ interneurons leads to reduced
depressive behavior in males, but not females (Coutellier lab, unpublished). Overall, these
data suggest differential effects of acute vs. chronic activity in PV+ interneurons on adult
depressive-like behavior in males, a topic that deserve further investigation and should
include female subjects.

Altogether, data suggests that susceptibility to the cellular and behavioral effects of stress

in females is most pronounced in adolescence and adulthood, while males see greater
effects prior to adulthood (Figure 1). This increased vulnerability to changes in adolescence
and adulthood in females is an interesting deviation from many hypotheses regarding
neuroprotection in females, which assume that stable estrogen levels in adulthood confer
endogenous neuroprotective effects and decrease damage against chronic stress, brain injury,
and neurodegenerative diseases. This specific topic warrant further investigation.

5. Discussion

5.1 Brain region specificity

Most existing studies assessing the impact of stress on PV+ interneurons focus on three
brain regions heavily associated with the stress response: the PFC, the hippocampus, and
the amygdala. As discussed, the effects of chronic stress on PV+ interneurons vary heavily
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within these regions (Figure 2). This variation may be explained, in part, by differences in
the basal role of PV+ interneurons in each of these regions. In the PFC, activation of PV+
interneurons has been associated with numerous behavioral effects, including extinction

of reward-seeking behavior, reduced helplessness, and increased anxiety-like behaviors in
females only (Sparta et al., 2014; Perova et al., 2015; Page et al., 2019). Reducing PV+
interneuron activity in the PFC leads to reductions in extinction learning, increases in

coping behaviors, deficits in sensorimotor gating, and increased novelty seeking (Caballero
et al., 2020; Nawreen et al., 2020; Brown et al., 2015). Following stress, measures of PV+
interneurons overwhelmingly decrease in the PFC, with the exception of increases in PV+
cell number and PV protein expression in adult females only. Chemogenetic studies find

that inhibition of PV+ interneurons reduce depressive-like behaviors following chronic stress
exposure in adult males, suggesting that perhaps decreases in PV+ interneuron number in
the PFC is a compensatory mechanism against the depressive effects of stress exposure
(Fogaca et al., 2020; Nawreen et al., 2020). The increase in PV+ interneuron number and PV
protein expression in the PFC in adult females, however, may suggest that P+ interneurons
play a sex-dependent role in the regulation of emotionality in adulthood. This does not take
into account, however, increased risk for depression following early life or adolescent stress,
which is also associated with decreases in prefrontal PV.

PV+ interneurons in the hippocampus are widely associated with maintaining hippocampal
oscillations, which play a role in memory consolidations. These oscillations are also
suggested to play a role in anxiety and the determination of adverse or safe situations
(Khemka et al., 2017). Studies assessing the impact of chronic stress on PV+ interneurons in
the hippocampus overwhelmingly find decreases in markers of PV+ cell number and density,
although studies examining the prenatal and early life periods in males suggest there may be
an increase in PV protein expression following stress at these times. Interestingly, study in
aged C57BI/6 mice found that increased oxidative stress in surgery and associated decreased
PV protein expression in the hippocampus led to memory impairment, suggesting a role

for these cells in post-operative cognitive decline (Qui et al., 2016). In the amygdala, PV+
interneurons are critical for several aspects of fear and anxiety. Chemogenetic inhibition

of PV+ interneurons in the BLA of unstressed mice decreases anxiety-like behavior in

the elevated plus maze (Luo et al., 2020), while cFos expression in PV+ interneurons in

the BLA is increased following administration of anxiogenic drugs (Hale et al., 2010).
Activation of PV+ interneurons in the BLA is essential for retrieval of memory in a
conditioned taste aversion paradigm (Yiannakas et al., 2021). As PVV+ interneurons have
been implicated in numerous functions in stress-related brain regions, it is to be anticipated
that any disruption of PV+ interneurons, including following exposure to stress, will lead to
abnormal emotional or cognitive functions.

While studying changes in P+ interneurons at the local circuit level can provide insight
on emergence of abnormal behavioral phenotypes, it is important to note that the PFC,
hippocampus, and amygdala function in concert with one another, and modulating PV+
interneurons in one region has vast effects on other regions, causing complex systemic
changes. Caballero et al. found that RNAi downregulation of PV expression during
adolescence is sufficient to disrupt overall GABAergic function in the PFC and disrupt
hippocampal-PFC transmission throughout adulthood. This disruption in hippocampal-PFC
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transmission also impaired downstream hippocampal regulation of the BLA (Caballero et
al., 2020). Interestingly, this downregulation of PV expression also impaired regulation

of extinction of fear learning, which relies on functional connectivity between the PFC,
hippocampus, and BLA. Similarly, inhibition of PV interneurons in the dorso-medial

PFC reduces activation of prefrontal projections to the BLA, causing an increase in fear
expression. Efforts made to study the intricate relationships between local changes in
PV-dependent inhibition and changes in long-range projections should continue. Novel
technologies that have been developed to interrogate circuit activity and function in freely
behaving animals will contribute to increasing our understanding of the role played by PV+
interneurons in the regulation of complex behaviors.

5.2 Potential mechanisms behind changes in PV+ interneurons

While work has been done to characterize changes in PV+ interneuron circuitry following
stress exposure, less is known about the mechanisms behind these changes. One potential
mediator of changes in PV+ interneurons following stress exposure, particularly through
decreases in cell number and protein expression, is oxidative stress. PV+ interneurons

are particularly sensitive to the effects of oxidative stress as they contain a high number

of mitochondria in order to maintain their fast-spiking properties (Steullet et al., 2017).
Exposure to stress has been shown to mediate oxidative stress, and oxidative stress

through activation of NOX2 signaling is a common mechanism in preclinical models of
schizophrenia, leading to decreased PV+ interneuron numbers in the cortex (Powell et

al., 2012). While PNNs play a role in protecting PV+ interneurons against the effects

of oxidative stress, they do not emerge until late adolescence, suggesting that oxidative
stress induced by prenatal or ELS may be a mechanism behind PV+ interneuron reduction.
PNNs, however, have also been shown to be susceptible to the effects of stress, and their
protective properties may decrease following chronic stress exposure during adolescence
and adulthood. Therefore, stress-induced reduction in PNNs is another potential mechanism
underlying changes in PV+ interneurons following stress exposure. Multiple studies have
found evidence of reduced PNN intensity in the PFC and hippocampus following chronic
stress in juvenility and adulthood (Ueno et al., 2018; Yu et al., 2020; Folha et al., 2017). PV+
interneuron susceptibility to stress following reductions in PNNs should be more closely
analyzed. However, a recent study shows that depleting PNNs surrounding PV+ interneurons
increases plasticity in local circuitry and reduces inhibitory output (Testa et al., 2019).

Stress can also lead to reductions in BDNF, or brain-derived neurotrophic factor. BDNF

is a prominent neurotrophic factor in the brain and is essential in supporting the growth,
differentiation, and survival of neurons in the cortex, hippocampus, and amygdala. BDNF
and its receptor, TrkB, play a crucial role in PV+ interneuron development and function.
BDNF mediates adolescent development of PV+ interneurons (Huang et al., 1999; Du et al.,
2018), while reductions in BDNF impair GABAergic function and delay maturation of PV
interneurons (Jiao et al., 2011; Koh et al., 2016). Male mice with a BDNF*/~ (heterozygous)
genotype do not display increases in PV protein expression that are seen with normal aging
(Du et al., 2018). While, both male and female heterozygous mice display significantly
decreased BDNF expression compared to controls in adulthood, no age-associated changes
in PV protein expression were observed in females. Polymorphisms in the BDNF gene
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have been associated with increased susceptibility to stress in mice (Hill et al., 2020).
Additionally, knocking down TrkB on PV+ interneurons leads to spatial memory deficits in
male mice only (Grech et al., 2019), and decreases in BDNF and TrkB have been observed
in the PFC and hippocampus of individuals with schizophrenia, which is more common in
males than females (Ray et al., 2014). Because expression of both BDNF and TrkB has
been shown to decrease following acute or chronic stress exposure throughout the lifespan
(Roceri et al., 2002; Marmigére et al., 2003; Bland et al., 2005), these findings suggest that
reductions in BDNF following stress exposure may mediate changes in PV+ interneurons
and behavior in males, providing a molecular substrate for sex-specific effects of stress on
PV circuitries. Notably, the transcription of BDNF mRNA is regulated by estrogen (Solum
& Handa, 2002). It has been suggested that the deleterious effects of BDNF knockdown are
prevented by estrogen in females. Ovariectomized BDNF*/~ female mice display impaired
performance on memory assessments, an effect that was prevented by estrogen replacement
(Wu et al., 2015). In fact, estrogen has been suggested to play a protective role against
schizophrenia in females, as the onset of schizophrenia in females is later than that in males,
with a notable increase of diagnoses in women at menopause (Hafner et al., 1993). Women
who are diagnosed with schizophrenia prior to menopause, when levels of estrogen are still
high, often have fewer negative treatment outcomes and an improved treatment response
(Begemann et al., 2012). The role of estrogen as a neurosteroid is extremely complex, and
the relationship between estrogen and PV+ interneurons has yet to be fully examined.

Impacts of estrogen

Beyond their roles as regulators of the neuroendocrine and reproductive systems, sex
hormones such as estrogen have critical functions in the central nervous system.

Estrogen is a potent neurosteroid that plays a regulatory role in numerous functions
including synaptic plasticity, neuroinflammation, intracellular signaling, cognition, memory,
and mood. Estrogen has historically been considered a neuroprotective factor in the

brain, particularly in the face of ischemia, brain injuries, and neuropsychiatric diseases,
particularly schizophrenia (Schroeder et al., 2016). Interactions between estrogens and

PV+ interneurons are extremely complex. Estrogens play a role in regulating the BDNF/
TrkB signaling cascade and the development of PV+ interneurons in females (Wu et

al., 2014). Interestingly, male mice heterozygous for Pvalb have recovery of behavioral
phenotypes associated with ASD following estradiol administration (Filice et al., 2018).
The role of estrogens on PV+ interneurons in females, however, are less characterized.
Studies examining PV+ interneurons following stress suggest that females have an increased
susceptibility to changes in PV+ interneuron number or PV protein expression in adulthood,
when estrogen levels are at their highest. Supposedly, this high level of estrogen should

be protective against stress-induced changes in PV+ interneurons, but many studies report
an opposite effect. We hypothesize that estrogen binding to ERP on PV+ interneurons
facilitates maturation in a sex-specific process beginning during puberty. The binding of
estrogen to ER increases the plasticity of PV+ interneurons in females, making them

more responsive to environmental stimuli in adulthood. This change in plasticity does not
necessarily result in an increased vulnerability to stress in females, but rather an increased
adaptability in the face of positive or negative environments. Environmental enrichment

has been shown to have positive effects on PV+ interneurons, ameliorating the cellular
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behavioral effects of early life stress in males (Sun et al., 2016; Hendershott et al., 2016).
Studies specifically assessing outcomes on PV+ interneurons following environmental
enrichment in adulthood, and the role of estrogens in mediating this response, have not been
performed. More work assessing the role of estrogen binding ERB on PV+ interneurons
during puberty and the effects of estrogen on regulating synaptic plasticity specifically in
PV+ interneurons must be conducted in order to determine if the sex-specific effects of
stress in adulthood are mediated through these processes.

6. Conclusions

Clinical studies show that men are more likely to be diagnosed with neurodevelopmental
disorders and women are more likely to be diagnosed with affective disorders (Altemus
2006; Hanamsagar and Bilbo, 2016; Altemus et al., 2019). The mechanism behind these sex
differences, however, remains unclear. Researchers utilize preclinical models of stress and
vulnerability to neuropsychiatric diseases to identify potential causes of this dimorphism. As
summarized in Figure 1, this review highlighted the hypothesis that the differential effects of
stress on PV+ interneurons throughout the lifespan could explain some of the sex differences
we see in clinical populations of neuropsychiatric and neurodevelopmental disorders, with
stress during the prepubertal period having a greater impact on PV+ expression in males,
and females being predominantly impacted by stress following puberty.

Aside from the future directions described throughout this review, a vastly ignored topic

is that of the impacts of stress on PV+ interneurons during aging. PV+ interneurons have
been implicated in the pathophysiologies of many major neuropsychiatric diseases that
persist or even emerge in elderly (e.g., MDD), and evidence exists that PV+ interneurons
are also affected by neurodegenerative diseases including Alzheimer’s disease, Parkinson’s
disease, and Huntington’s disease (Satoh et al., 1991; Sods et al., 2004; Reiner et al.,

2013). Additionally, the aged population is subject to unique stressors, particularly social
isolation, which may be risk factors for these age-related diseases. Changes in ovarian
hormones at puberty have been associated with changes in inhibitory neurotransmission
(Piekarski et al., 2017), however potential interactions between PV+ interneurons and the
ovarian hormone fluctuations associated with menopause are less characterized. To our
knowledge no existing studies assess the effects of menopause on PV+ interneurons, despite
this periods’ association with increased risk for schizophrenia and MDD in women, for
stress is a known risk factor (Bale & Epperson, 2015).Studies must be conducted to keep up
with the growing population of individuals who are reaching reproductive senescence and
undergoing unique social, environmental, and personal stressors.
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Appendix 1

ADHD attention deficit hyperactivity disorder
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ASD autism spectrum disorder
BDNF brain-derived neurotrophic factor
BLA basolateral amygdala

CA cornu ammonis

CIH chronic intermittent hypoxia
dAC dorsal anterior cingulate cortex
DG dentate gryus

ELS early life stress

ER-B estrogen receptor beta

E:l excitatory:inhibitory

GAD glutamic acid decarboxylase
GD gestational day

GR glucocorticoid receptor

HPA hypothalamic-pituitary-adrenal
IL infralimbic

MDD major depressive disorder

PV parvalbumin

PNN perineuronal net

Poly I:C polyinosinic:polycytidyic acid
P postnatal day

PTSD posttraumatic stress disorder
PFC prefrontal cortex

PrL prelimbic

PPI prepulse inhibition

TrkB tropomyosin-related kinase B

Appendix 2
1. Shang et al., 2020
2. Uchida et al., 2014
3. Wang et al., 2018
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Highlights

. Stress is a risk factor for neurodevelopmental and neuropsychiatric disease.

. Parvalbumin (PV) interneurons respond to stress in an age- and sex-specific
manner.

. Preclinical studies find that males show decreased PV+ cells after prenatal
stress.

. Females show more significant changes in PV+ cells after neonatal and adult
stress.

. These findings may correspond to sex differences seen in clinical populations.
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Figure 1. The impact of stress on parvalbumin interneurons varies in an age- and sex-specific
manner.

Schematic representation that summarizes existing literature that assesses the influence of
stress on parvalbumin (PV) interneurons and behavioral outcomes in preclinical models

of neurodevelopmental and neuropsychiatric disease. Findings reveal that males are more
heavily impacted by prenatal stress, multiple studies finding decreased measures of PV

in several brain regions as well as increased anxiety-like behavior, social deficits, and
memory impairments. Females, on the other hand, seem to show greater changes in PV
and behavior following stress in the neonatal phase and in adulthood, suggesting an
increased vulnerability to stress during these periods. These findings could play a role in
the differential rates of diagnosis of neurodevelopmental and neuropsychiatric disorders
among men and women in clinical populations. An increased susceptibility to prenatal stress
in males leading to more significant losses of parvalbumin may play a role in increased
vulnerability to neurodevelopmental disease (e.g., ASD, ADHD), while more susceptibility
to postnatal stress in females may correspond with increased diagnostic rates of affective
disorders (e.g. MDD, anxiety). These findings have large implications for considering age,
sex, and their interaction in future studies addressing the impacts of stress on individual
vulnerability to stress. For footnotes, please see Appendix 2.
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Figure 2. The impact of stress on PV+ interneurons varies based on age, sex, and brain region.
Schematic representation of the results of key studies assessing the influence of stress

on PV+ interneurons, organized by brain region. Most studies assessing the influence of
stress on PV+ interneurons focus on three brain regions highly integrated with the stress
response: the hippocampus, the prefrontal cortex, and the amygdala. Exposure to stress
largely decreases measures of PV+ interneurons and protein expression in the hippocampus.
In the prefrontal cortex, stress in adult females is associated with an increased number

of PV+ interneurons and increased PV protein expression. Less information is available
regarding the effects of stress across the lifespan on PV+ interneurons in the amygdala.
These differences in PVV+ interneurons by sex, brain region, and phase of life contribute to
the complex interactions between PV+ interneurons and chronic stress exposure.
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