Brain, Behavior, & Immunity - Health 16 (2021) 100320

Contents lists available at ScienceDirect BEHAVIOR,
and IMMUNITY

Health

]

Brain, Behavior, & Immunity - Health

LSEVIER

journal homepage: www.editorialmanager.com/bbih/default.aspx

Uncovering microglial pathways driving sex-specific neurobiological effects M)

Check for

in stress and depression

J.L. Bollinger

Department of Pharmacology and Systems Physiology, University of Cincinnati College of Medicine, 2120 East Galbraith Road, Cincinnati, OH, 45237, USA

ARTICLE INFO ABSTRACT

Keywords: Women suffer from major depressive disorder (MDD) more often than men and report greater MDD symptom
Sex difference severity. Mounting evidence suggests that sex differences in MDD may be driven, in part, by sex-specific
Micmglia neurobiological mechanisms. Chronic stress is a significant risk factor in MDD, and preclinical rodent models
g:;;:;?::lune show differential patterns of stress-induced neural remodeling and cognitive-behavioral dysfunction in males and
Female females. For instance, chronic stress leads to synapse loss in the medial prefrontal cortex in male rodents yet has

either no effect on- or increases-synapse number in females. Recent reports have implicated microglia, the im-
mune cells of the brain, in MDD, and findings demonstrate sex-specific microglial signatures in both preclinical
stress models and MDD patients. Given that microglia can remodel neural architecture, modulate synaptic
transmission, and affect subsequent changes in behavior, it is plausible that microglial pathways contribute to
differential stress effects on neuroplasticity and function in males and females. As such, this review examines the
evidence for sex-specific microglia-neuron interactions in preclinical stress models and in patients with MDD.
Discoveries highlighted herein demonstrate divergent microglial contributions in males and females and suggest
that future studies investigating stress-linked disorders should be guided by sex-dependent neurobiological and
behavioral findings. Examining these pathways represents a clear avenue toward both a richer understanding of
brain, behavior, and immunity, and innovative psychoneuroimmunology-based applications in personalized

medicine.

1. Introduction

Women are twice as likely to suffer from major depressive disorder
(MDD), are nearly four times as likely to experience multiple depressive
episodes, and are two- to three-times as likely to attempt suicide as
compared to men (Weissman et al., 1996; Maciejewski et al., 2001;
Kessler et al., 2005; Seedat et al., 2009). Moreover, women report greater
depression severity, alongside higher rates of mood disorder-associated
hypersomnia, psychomotor disturbances, decreased energy, interper-
sonal sensitivity, and rumination, amongst other symptoms (Kornstein
et al., 2000; Fava et al., 2003; Marcus et al., 2005; Shors et al., 2017).
This disparity is driven in part by gender based differences in psycho-
logical factors, interpersonal violence, and structural gender inequities
(Kessler, 2003; Goodwin and Gotlib, 2004; Bulloch et al., 2017; Kuehner,
2017). Beyond psychosocial discrepancies however, mounting evidence
indicates that biological sex is a crucial factor in the etiology of MDD, and
suggests the potential for sex-specific interventions in the treatment of
mood disorders (Kessler, 2003; Kuehner, 2017).

Chronic stress is a significant risk factor in numerous mental health
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disorders, including MDD (Maciejewski et al., 2001; Gotlib et al., 2021).
Preclinical rodent models show patterns of stress-induced synapse loss,
structural atrophy, and cognitive-behavioral dysfunction that mirror
findings in patients with severe stressor exposure and MDD (Vythilingam
et al., 2002; Hercher et al., 2009; Christoffel et al., 2011; Kaul et al.,
2020). Considering this, rodent models represent a powerful tool in un-
derstanding the sex-specific neurobiological mechanisms associated with
stress-linked  disorders. Indeed, preclinical findings indicate
sex-dependent stress effects on a number of brain regions implicated in
depression. For instance, chronic stress reduces dendritic length and
synapse number in the medial prefrontal cortex (mPFC) in males but
leads to either no change- or dendritic growth-in females (Garrett and
Wellman, 2009; Shansky et al., 2010; Moench and Wellman, 2017;
Wohleb et al., 2018). This coincides with reductions in prefrontal activity
and cognitive-behavioral dysfunction in male- but not female-rodents
(Wei et al., 2014).

Alongside sex differences in neuroplasticity and behavioral function,
stress has been shown to differentially affect microglia in males and fe-
males. Microglia are the resident immune cells of the central nervous
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system. These cells exhibit a unique morphological structure consisting of
a largely stable soma with numerous thin, highly motile processes (Eyo
et al.,, 2018). Microglia extend and retract these processes, constantly
surveying the brain microenvironment. In fact, microglial processes
make contact with any given synapse once every hour, effectively
‘checking up’ on neuronal health (Wake et al., 2009). As such, microglia
are uniquely attuned to neuronal activity, and are responsive to various
neurotransmitters, cytokines, purines, and hormones (reviewed in Eyo
and Wu, 2013; Marinelli et al., 2019). Using these signals, microglia can
orient their processes toward signs of distress, aiding neurons via the
release of soluble factors, modulation of neurotransmission, phagocytosis
of dendritic elements, and induction of synaptic growth (Weinhard et al.,
2018a; Marinelli et al., 2019). Given their proximity to neurons and
ability to regulate neuronal shape and function, microglia are primed to
serve as critical mediators of sex-specific stress effects on neuroplasticity,
cognition, and behavior - interactions which may be critical in MDD
pathogenesis. Therefore, this brief review will examine stress effects on
microglia in both males and females, the sex specific role of microglia in
stress-induced synaptic remodeling, and sex-dependent microglial sig-
natures in depression (see Fig. 1).

Fig. 1. Dr. Justin L Bollinger. Dr. Bollinger completed his PhD under the
mentorship of Dr. Cara Wellman at Indiana University. His graduate research
explored sex-specific stress effects on microglia in the mPFC, amongst other
brain regions. These studies uncovered divergent patterns of microglial
remodeling in males and females exposed to stress and established a role for
estradiol in modulating stress effects on microglia in females. Following this, Dr.
Bollinger pursued postdoctoral training with Dr. Eric Wohleb at the University
of Cincinnati, where he is currently examining pathways which guide microglia-
neuron interaction in stress, including that of neuronal activity and purinergic
signaling. In addition to these microglia-oriented projects, he is investigating the
role of astrocytes in stress-induced vascular remodeling and blood-brain-barrier
compromise. This work is supported by a Ruth L. Kirschstein National Research
Service Award from the National Institute of Mental Health. The majority of
research examining stress effects on the brain adheres to a neuron-centric
viewpoint, leaving a critical void in our knowledge of non-neuronal contribu-
tions to brain health and dysfunction. Likewise, studies exploring stress effects
on brain and behavior have largely overlooked females. Dr. Bollinger fully be-
lieves that basic research addressing these gaps has the potential to uncover
innovative treatment targets in stress-linked psychological disorders. In line
with this, he plans to integrate previous research aims into a broad program
studying glial mechanisms underlying vascular alterations in stress, their con-
tributions to energy maintenance, and cross-talk between the cardiovascular
system and brain in both males and females.
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2. Sex-specific stress effects on microglia and neuroplasticity:
Preclinical models

Sex differences in stress effects on microglia have been reported in
various brain regions with perhaps the most pronounced divergence
characterized in the mPFC. Interestingly, this region shows basal sex
differences in microglial state, neuroimmune factor expression, and
neuronal architecture. Findings indicate an increased ratio of microglia
with broadened morphology (large cell body with thick processes)-to-
surveillant microglia (small cell body with thin, highly ramified pro-
cesses) in the mPFC in female as compared to male rats, suggesting
microglial process engagement (Bollinger et al., 2016). Females also
show increased levels of prefrontal Cx3cll and Cx3crl transcript along-
side greater Csflr, Cd11b, and Tgfbrl expression in frontal cortex
microglia (Bollinger et al., 2016; Woodburn et al., 2021). These gene
pathways are particularly relevant to microglia-neuron interaction and
are important regulators of microglial survival, migration, and synaptic
pruning (Paolicelli et al., 2011; Schafer et al., 2012; Elmore et al., 2014).
Such sex differences in microglial shape and transcriptional profile
mirror sex differences in neuronal morphology. Female rats have larger
dendritic arbors and greater dendritic spine density in the mPFC as
compared to males (Garrett and Wellman, 2009). Considering that
microglia are intimately attuned to the neuronal environment and are
capable of regulating neuronal structure, larger dendritic arbors in fe-
males would suggest an increased need for microglial surveillance and
maintenance in the mPFC. In line with this, females show heightened
microglial complexity and neuron-microglia gene expression in this
region.

Whereas chronic stress increases microglial ramification and induces
neuroimmune signaling in males (Tynan et al., 2010; Hinwood et al.,
2012), the opposite has been shown in females: chronic stress reduces the
ratio of broadened-to-surveillant microglia in the mPFC and inhibits
expression of prefrontal MhcIl and Cd40, both factors associated with
canonical immune activation (Bollinger et al., 2016, 2019). Similar al-
terations in microglial morphology are seen in the mPFC of female prairie
voles following partner loss (Pohl et al., 2021). Collectively, these find-
ings suggest divergent transcriptional and morphological effects of stress
on microglia in the mPFC of male and female rodents. While not detailed
here, other brain structures also show sex-dependent stress effects on
microglial morphology and immunoregulatory factor expression,
including the orbitofrontal cortex (OFC), basolateral amygdala, hippo-
campus, and nucleus accumbens (Bollinger et al., 2017; Fonken et al.,
2018; Liu et al., 2019; Gaspar et al., 2021; Picard et al., 2021).

Congruent with prior morphological findings, groundbreaking work
by Wohleb et al. (2018) confirmed a sex-dependent role for microglia in
regulating stress effects on neuroplasticity. In this study, chronic stress
increased microglial phagocytosis of dendritic elements in the mPFC,
leading to decreased dendritic spine density and cognitive-behavioral
dysfunction in male- but not female-mice. Moreover, chronic stress led
to increased neuronal CSF1 and microglial CSF1R in the mPFC of males,
suggesting a sex-specific pathway toward microglia-neuron interaction.
Blocking this pathway inhibited microglia-mediated dendritic remodel-
ing and ameliorated stress effects on neuroplasticity and behavior. These
findings implicate microglia in stress-induced neuronal remodeling in
male- but not female-mice, and further suggest that CSF1 signaling may
guide sex-dependent stress effects on microglia-neuron interaction in the
mPFC. Additional studies have demonstrated a role for glucocorticoid
signaling and neural activity in mediating stress effects on microglia
function in males (Horchar and Wohleb, 2019; Bollinger et al., 2020).
Collectively, this work indicates that microglia play an important role in
regulating sex-specific patterns of stress-induced synaptic remodeling
and subsequent cognitive-behavioral change.

Recently, a study by Woodburn et al. (2021) revealed a sex-specific
and temporally-dynamic role for microglia in guiding stress effects on
neuroplasticity in the mPFC. As previously reported, chronic stress
(14-days) induces microglia-mediated dendritic remodeling in the mPFC
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and behavioral dysfunction in male- but not female-mice. However,
males exposed to prolonged chronic stress (28-days) exhibit the same
pattern of spine loss, absent microglial engagement at this time point.
This suggests that microglia remodel dendritic structures earlier in stress
and that these microglial contributions to dendritic morphology are —
with continued stressor exposure — enduring in the mPFC. Earlier time
points in stress are marked by heightened neuronal activity and increased
glutamatergic transmission (Yuen et al., 2009). Microglia are exceedingly
responsive to these signals, thus, initial bursts in neuronal activity may
drive stress effects on the microglial landscape and spur
microglia-neuron interaction in males. Interestingly, prolonged chronic
stress induces behavioral dysfunction in female mice, with relatively
little change in neuroimmune factor expression or microglial engage-
ment in the mPFC. These findings, again, suggest that microglia direct
stress effects on dendritic structure and function in males, yet play a
largely divergent or, at present, unknown role in regulating neuro-
plasticity in females.

Though few mechanisms underlying these divergent stress effects are
known, gonadal hormones appear to be important. Microglia express
estrogen receptors, can express androgen receptors, and are responsive to
other hormonal pathways that differ between the sexes (Sierra et al.,
2008; Carrillo-de Sauvage et al., 2013; Horchar and Wohleb, 2019).
Findings show that manipulation of gonadal hormones in male rats shifts
the morphological footprint of microglia in the mPFC yet has little effect
on microglial stress responsivity (Bollinger et al., 2019). In contrast,
removal of gonadal hormones via ovariectomy blocks chronic
stress-induced reductions in microglial morphological area in females,
whereas supplemental estradiol facilitates stress effects on microglial
structure. Gonadal hormones similarly guide stress effects on neuro-
plasticity in the mPFC in females: ovariectomy prevents stress-induced
dendritic growth, whereas estradiol facilitates stress induced increases
in dendritic morphology and spine density (Garrett and Wellman, 2009;
Shansky et al., 2010). This indicates a significant role for gonadal hor-
mones in mediating stress effects on microglia and neural architecture in
the mPFC, particularly in female rats. Additional studies will be needed
to delineate direct androgenic- and estrogenic-actions in
microglia-neuron engagement.

3. Microglia across development: Leveraging periods of plasticity
to understand sex differences in stress-linked disorders

Psychological disorders are complicated, with MDD symptomology
and severity likely rooted in a confluence of factors, including that of
ongoing stressors, early life experiences, psychosocial factors, and bio-
logical predispositions, amongst others. While not all of these can be
addressed in this short review, studies suggest that adverse early life
experiences can induce lasting changes in neuroplasticity and behavior
which contribute to MDD later in life (reviewed in Chen and Baram,
2015; Gumusoglu and Stevens, 2019; LeMoult et al., 2020). The brain
undergoes significant growth and remodeling well into young adulthood.
This timeframe is marked by a number of ‘sensitive periods’, wherein the
central nervous system is more susceptible to insult. Preclinical models
show that microglia play a substantial role in sculpting neuronal path-
ways during these ‘sensitive’ windows (Schafer et al., 2012; Sipe et al.,
2016). Microglia have also been shown to undergo sex-dependent
developmental trajectories, with differences in density, morphology,
transcriptional profile, and phagocytic capacity observed across various
brain regions (Schwarz et al., 2012; Hanamsagar et al., 2017; Weinhard
et al., 2018b; Villa et al., 2019). Given these divergent trajectories and
the role of microglia in synaptic sculpting, it is plausible that microglia
guide sex-specific patterns of early life stress effects on brain structure,
stress responsivity, and behavior. Indeed, findings indicate that adverse
early life experiences and adolescent stress differentially affect microglia
in male and female rodents (Diz-Chaves et al., 2012; Gildawie et al.,
2020; Bekhbat et al., 2021; Gaspar et al., 2021). For instance, prenatal
stress heightens the responsivity of hippocampal microglia to a
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peripheral immune challenge in adult female, but not male, mice (Diz--
Chaves et al., 2012; Saavedra et al., 2021). A similar sex-specific pattern
is seen in rodents exposed to adolescent stress, suggesting heightened
susceptibility in females during these unique developmental windows
(Bekhbat et al., 2019, 2021). Interestingly, both sexes appear to be
vulnerable to early postnatal adversity, with studies showing altered
microglia-synapse engagement and later hyperactive fear responsivity in
adulthood (Bolton et al., 2021; Zetter et al., 2021). Studies have yet to
examine the effects of early life adversity on microglia in humans.
Together, these findings suggest that prenatal- and postnatal-stressors
may program unique, sex-specific patterns of microglia-neuron
interaction.

The mechanisms underlying this, alongside the potential implications
of these altered microglial functions, remain largely unknown. However,
it is easy to speculate that these developmental shifts in microglia may
very well rewire the brain and subsequent responses to stress. For
instance, loss of microglia or inhibition of microglia-neuron signaling
during early postnatal development impairs typical patterns of synaptic
remodeling, differentially alters behavior in males and females, and re-
duces levels of acute stress-induced corticosterone release in female — but
not male — rats (Parkhurst et al., 2013; VanRyzin et al., 2016; Nelson and
Lenz, 2017; Lowery et al., 2021). Moving forward, significant efforts will
be needed to investigate sex differences in microglia across development,
alongside the enduring effects of early life adversity on microglial func-
tion, neuroplasticity, and behavior in both preclinical models and in
human subjects.

It should also be noted that certain life events, including pregnancy,
the post-partum period, and menopause are unique to the female sex.
These female-specific life events have been associated with higher rates
of MDD in women (Freeman et al., 2004; Le Strat et al., 2011), with
rodent models finding similar increases in MDD-associated behavior,
neuroimmune signaling, and brain reorganization (Leuner and Sabihi,
2016; Haim et al., 2017; Sherer et al., 2017). This includes reductions in
microglial density and area alongside alterations in synaptic plasticity in
numerous brain structures implicated in MDD, including the mPFC,
amygdala, and hippocampus, in pregnant and postpartum animals
(Kinsley et al., 2006; Haim et al., 2017; Flores-Vivaldo et al., 2019). All of
these life events are associated with dramatic shifts in gonadal hormones
known to affect microglial function and neuronal structure, including
estrogens and progestogens (Shansky et al., 2010; Bollinger et al., 2019;
Rahimian et al., 2019). Given this, investigating microglia and stress
responsivity during these dynamic life events may yield insight into the
complex interplay between endocrine factors, immune signals, brain, and
behavior.

4. Microglia, sex, and depression: Post-mortem reports and
clinical findings

Clinical researchers have long suspected a role for peripheral immune
signals in depressed mood and psychopathology (reviewed in Dantzer,
2017). Only recently have reports implicated microglia and neuro-
immune pathways in depression. For instance, post-mortem findings
show a greater proportion of broadened-to-surveillant microglia along-
side heighted expression of the microglia-associated gene Aif1 (Ibal) in
the dorsal anterior cingulate cortex (dACC) of patients with MDD who
died by suicide (Torres-Platas et al., 2014). No alterations in inflamma-
tory cytokine expression were detected in this study, suggesting
increased microglial engagement in depression absent neuro-
inflammation. In line with this, recent transcriptomic analyses indicate a
non-inflammatory, sensome-associated microglial signature in MDD
(Bottcher et al., 2020; Snijders et al., 2020). The ‘sensome’ represents a
cluster of genes which aid microglia in ‘sensing’ changes in the brain
microenvironment (Hickman et al., 2013). In these studies, microglia
were isolated from various brain regions, including the frontal cortex and
thalamus, and microglial gene expression was characterized. There were
similar levels of neuroinflammation-associated transcript (e.g. II-1p, II-6,
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TNFa, Cd11b, Trem2) in microglia isolated from patients with MDD and
healthy controls. However, analyses revealed increased levels of micro-
glial Cx3crl, P2ry12, and Tmem119 expression, suggesting an upregula-
tion of microglial sensome-functions directed toward neuronal
interaction and regulation of the extracellular milieu in depressive
disorders.

In addition to these data, a recent series of in vivo positron emission
tomography (PET) studies found brain region-specific differences in
translocator protein (TSPO)-binding in patients with ongoing MDD.
TSPO is largely expressed by neurons, microglia, astrocytes, and endo-
thelial cells in the brain and is often considered a biomarker of microglial
engagement. That said, the primary function of TSPO is cholesterol
trafficking in steroidogenesis, a pathway which does not necessarily
reflect altered neuroimmune function (Rupprecht et al., 2010). In fact,
recent data show that induced neuronal activity increases TSPO in neu-
rons, but not glia (Notter et al., 2020). Findings indicate increased levels
of TSPO-binding in the PFC and ACC in patients suffering a major
depressive episode (Setiawan et al., 2015). Moreover, heightened
TSPO-binding in the ACC correlates with depression severity, with
increased TSPO in the PFC, ACC, and insula associated with MDD
duration (Setiawan et al., 2018). Interestingly, prolonged treatment with
antidepressants reduces TSPO-binding in these regions, pointing toward
possible glial contributions in both depression severity and antidepres-
sant responsivity. Similar to post-mortem findings, TSPO-binding in the
ACC does not correlate with measures of mild-peripheral inflammation in
MDD, again, lending support to a non-neuroinflammatory phenotype in
depressed mood (Schubert et al., 2021). Though compelling, these
studies lacked the sample size necessary to characterize microglial profile
and TSPO-binding in both men and women, a critical step in under-
standing the sex-specific role of microglia in depression.

Nonetheless, a few post-mortem studies have compared molecular
signatures of MDD in both sexes, with significant sex differences in
pathways relevant to neuronal structure and microglial function detected
across dorsolateral PFC (dIPFC), ventromedial PFC (vmPFC), ACC, and
OFC (Labonté et al., 2017; Seney et al., 2018). Comparing connectivity
between genes in brain samples derived from patients with MDD and
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healthy controls, Labonté et al. (2017) identified a gain of connectivity
(GOC) in various neuronal, microglial, astrocytic, and endothelial gene
modules in men, yet a loss of connectivity (LOC) in other neuronal
modules. However, in women, numerous neuronal modules exhibited a
GOC, whereas glial modules were largely conserved or comparable to
healthy controls. Though similar gene modules were often engaged in
men and women with MDD, these modules appear to be organized and
expressed differentially between the sexes, pointing toward
sex-dependent molecular pathways in MDD. Likewise, additional studies
have found that genes associated with neuroplasticity and synaptic
function are downregulated in the dIPFC and ACC in men- yet upregu-
lated in women-with MDD, whereas genes associated with microglia and
neuroimmune signaling are upregulated in men but downregulated in
women (Seney et al., 2018). Differential gene expression analyses even
show an increase in complement-associated expression pathways in men
with MDD, yet reduced expression of microglial P2ry12 and complement
genes in women. Together, these findings indicate that microglial and
neuronal contributions in MDD differ between the sexes and suggest that
therapeutics targeting microglia in psychiatric medicine may need to be
tailored to — at the very least — patient sex (see Fig. 2).

5. Bridging translational gaps: a broader discussion of stress and
adaptation in model systems

As examined here, sex differences in stress effects on microglia in
rodent model systems largely align with those seen in men and women
with MDD. Reports indicate an upregulation of microglial genes in the
dIPFC and ACC in men with MDD, yet the opposite in women. Similarly,
chronic stress increases transcripts associated with microglia-neuron
interaction in the mPFC in male rodents but downregulates- or has
limited effects on-microglial gene expression in females (see Fig. 2).
Despite these findings, a troubling paradox exists within the literature.
Whereas women suffer from greater rates of MDD and heightened
symptom severity (see section 2 Introduction), rarely do studies report
greater stress-induced deficits in cognition or behavior in female rats and
mice. In fact, a number of studies indicate improvements in anhedonia-
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associated behaviors and enhanced cognitive function in female rodents
exposed to chronic stress (Bowman et al., 2001, 2002; Conrad et al.,
2003; Kitraki et al., 2004; Huynh et al., 2011; Wei et al., 2014). At pre-
sent, these contradictory patterns make it difficult to extrapolate neuro-
biological findings in female rats and mice to those in women with MDD,
raising a number of questions. Are current model systems accurately
capturing stress effects across both sexes? And how might we extend
these models to better examine the role of microglia and neuroimmune
function in stress-linked psychopathology?

Though many potential answers exist, findings suggest that rodents
experience temporal patterns of stress-induced neurobiological and
behavioral dysfunction which are sex-specific, and that certain stress
paradigms may be more appropriate in female rats and mice. The ma-
jority of stress models were originally designed using male rats and mice
(Shansky, 2019). These stress regimens typically last for 14-21 days,
with effects on brain and behavior examined immediately after stressor
cessation. However, findings suggest that female rodents may exhibit
deficits in behavior at earlier time points in stress, in response to specific
stressors, and during stress recovery (see Fig. 3). For instance, subchronic
variable stress (1 severe stressor/day for 6 days) leads to reductions in
grooming, greater rates of novelty suppressed feeding, and disrupted
stress coping in female mice, with males showing behavioral changes
only after longer stress exposures (Hodes et al., 2015; Zhang et al., 2018;
Williams et al., 2020; Johnson et al., 2021). As such, this model may be
particularly useful in assessing the shared- and divergent-neurobiological
mechanisms underlying stress effects on cognition and behavior in both
sexes.

Outside of variable stress, recent reports utilizing chronic restraint
indicate sex-specific neurobiological and behavioral alterations in stress
recovery. Male rats exposed to chronic restraint show stress-induced
behavioral changes which quickly recover following stressor cessation
(Moench et al., 2019, 2020). When exposed to a subsequent mild stress,
these same males display blunted neuronal activity and limited behav-
ioral change, suggesting adaptation. In contrast, females recovering from
chronic stress show increased neuronal activity and cognitive impair-
ment in response to a subsequent stressor. This hyperactive response may
reflect a lack of stress adaptation in females and, consequently, height-
ened vulnerability to later bouts of adversity. Considering this, what we
perceive as dysfunction during- and immediately following-chronic stress
may, in the long term, represent an adaptive process in males, yet a
failure to adapt in females. The role of microglia and neuroimmune
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signals in subchronic variable stress and stress recovery remain to be
studied. Likewise, studies have yet to examine stress effects on microglia
and microglia-neuron interaction in other model species, including
non-human primates (Deak et al., 2017). Future efforts will be needed to
rectify these gaps and to more broadly explore, design, and integrate
female-relevant stress models into neuroscience research (for further
discussion, see Lopez and Bagot, 2021).

6. A call to action: Investigating sex-dependent pathways in
psychoneuroimmunology research

This review demonstrates differing — and often opposite — stress ef-
fects on microglia and neuroplasticity in males and females, with similar
neuroimmune patterns seen in MDD (see Fig. 2). While not covered here,
stress has also been shown to alter peripheral immune cell composition
and signaling in a sex-specific manner, with data suggesting a role for
these factors in various mood disorders (reviewed in Bekhbat and Neigh,
2017; Rainville and Hodes, 2019; Martinez-Muniz and Wood, 2020).
Together, such findings point toward sex-dependent, stress-associated
immunoregulatory pathways in depression symptomology, and under-
score the fact that heterogenous neuroimmune mechanisms - irre-
spective of microglia — may produce similar divergences in neurobiology,
cognition, and behavior. Understanding these pathways represents an
important goal in developing appropriate, sex-specific interventions in
psychiatric care.

Though only one example is illustrated in this review, sex is a variable
intrinsic to every mammalian cell, tissue, organ, and organ system, and is
an important factor in health and disease. Studying sex differences in-
forms our understanding of brain, behavior, and immunity, it unmasks
new hypotheses and fosters a richer body of scientific knowledge.
Examining males and females elucidates both important convergent
pathways and equally important divergent — or sex-specific — pathways
regulating brain structure and function. Preclinical research has been
plagued by a fundamental bias toward the male brain and male-typical
behavior, often ignoring females, failing to develop or utilize female-
appropriate assays, or erroneously assuming that circulating gonadal
hormones heighten variability in female data (Prendergast et al., 2014;
Becker et al., 2016; Shansky, 2019). These preclinical studies both
inform- and are informed by-clinical findings. Given this reciprocal
relationship, an imbalance in the preclinical literature only stands to
contribute to an imbalance at the clinical level, likely hindering novel

A. B. C.
Male

T == Female T T
=2 = 2
= = =
8 2 2
(7] (2] 7]
o e o
[2] [2} [2]
3 3 3
= = =
4] (2] ]

Prenatal or Adult sCVS CVS eCVS Chronic  Recovery Acute
adolescent stress stress restraint stress

Fig. 3. Differing stressor types, durations, and timepoints unmask sex-specific periods of vulnerability in rodent preclinical models. Studies examining (A) devel-
opmental stress, (B) specific stress regimens, and (C) stress recovery have revealed multiple timepoints wherein female rodents appear to be more vulnerable to
adversity. Heightened stress responsivity, be it neurobiological or behavioral, is represented by either a blue (male)- or purple (female)- line crossing the red-dotted
threshold. Shaded regions denote greater vulnerability or stress responsivity in females as compared to males. A. Females exposed to prenatal- or adolescent-stress
mount a heightened neuroimmune response during bouts of peripheral inflammation or stress in adulthood. B. Females exhibit behavioral changes in response to
sub-chronic variable stress (sCVS, 6-days), whereas behavioral shifts only emerge in males with longer durations of CVS (28-days). Acclimation occurs in both sexes
following extended-CVS (eCVS, 56-days). C. Female rats previously exposed to chronic restraint stress show alterations in behavior when challenged with a subsequent
acute stressor, whereas male rats do not. These scenarios highlight just three of the many nuances underlying sex differences in stress biology. A confluence of factors
contributes to MDD in humans. Thus, it is likely that rodent models examining a confluence of temporal factors (including those presented in panels A-C) will lend
greater translational insight into sex differences in stress neurobiology and psychopathology. Future studies aimed at understanding stress effects on brain, behavior,
and immunity should take advantage of these paradigms, amongst others. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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advances in diagnosis and treatment (Seydel, 2021). Surely, we continue
to harm both sexes by ignoring the differences between them. As re-
searchers in the field of psychoneuroimmunology, we strive to under-
stand the connections between immune function, neurobiology, and
behavior, and to define the mechanisms whereby these connections lead
to disorder. All of these connected nodes can — and often do — vary by sex.
Using this understanding, it is our goal to innovate and to ultimately
develop therapeutics aimed at helping people in the most effective
manner possible. The new frontier of medicine is precision — to treat
disorders based on patient-specific criteria. Indeed, examining divergent
sex-specific pathways in biomedical research represents a clear first-step
toward this goal, giving the field of psychoneuroimmunology and
broader scientific community the ability to better understand and treat
pathology.
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