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Abstract

Stress alters both cognitive and emotional function, and increases risk for a variety of
psychological disorders, such as depression and posttraumatic stress disorder. The prefrontal
cortex is critical for executive function and emotion regulation, is a target for stress hormones,
and is implicated in many stress-influenced psychological disorders. Therefore, understanding
how stress-induced changes in the structure and function of the prefrontal cortex are related

to stress-induced changes in behavior may elucidate some of the mechanisms contributing to
stress-sensitive disorders. This review focuses on data from rodent models to describe the effects
of chronic stress on behaviors mediated by the medial prefrontal cortex, the effects of chronic
stress on the morphology and physiology of the medial prefrontal cortex, mechanisms that may
mediate these effects, and evidence for sex differences in the effects of stress on the prefrontal
cortex. Understanding how stress influences prefrontal cortex and behaviors mediated by it, as
well as sex differences in this effect, will elucidate potential avenues for novel interventions for
stress-sensitive disorders characterized by deficits in executive function and emotion regulation.
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Introduction
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Stressful experiences, which broadly can be considered to be challenges to an organism’s
wellbeing or allostasis (McEwen, 2017), can vary in their intensity, duration, and chronicity.
Further, cognitive processing of potentially stressful events can vary across individuals.
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Thus, it is not surprising that such challenges can have a range of effects, varying from
beneficial to detrimental (Sapolsky, 2003). Nonetheless, excessive, chronic, or repeated
stress can produce cognitive and emotional dysfunction. For instance, stressful life events
can precipitate episodes of major depression (Risch et al., 2009), traumatic stressors can
trigger posttraumatic stress disorder (Lechin, Van der Dijs, & Benaim, 1996; Turner &
Lloyd, 2004), and risk for mood and anxiety disorders increases with repeated exposure to
stress (Risch et al., 2009). Such chronic stressors have adverse effects on many behaviors in
the absence of overt psychopathology. For instance, disrupted frontoparietal connectivity and
associated deficits in attentional control have been found in medical students following one
month of academic stress (Liston, McEwen, & Casey, 2009). Similarly, in animal models,
stress produces deficits on a variety of cognitive and emotion-regulation tasks, including
extinction of conditioned fear, attentional set-shifting, spatial learning and recognition, and
working memory in animal models (reviewed in Conrad, Ortiz, & Judd, 2017; Hurtubise &
Howland, 2017; Maren & Holmes, 2016; Wellman & Moench, 2019). Interestingly, many of
the behaviors that are susceptible to stress effects are mediated by the prefrontal cortex.

As in primates, the prefrontal cortex in rodents can be subdivided into several major
subregions (Figure 1). The medial prefrontal cortex includes anterior cingulate, prelimbic,
and infralimbic cortex. This region is functionally homologous to the primate dorsolateral
and ventromedial prefrontal cortices, and plays a role in autonomic and HPA axis regulation
(McKlveen, Myers, & Herman, 2015), emotion regulation (Wellman & Moench, 2019),
working memory (Kesner & Churchwell, 2011), and cognitive flexibility (Hamilton &
Brigman, 2015). Orbitofrontal cortex, which includes the medial, ventral, and lateral
orbitofrontal subregions, is functionally homologous to primate orbitofrontal cortex and
appears to play a role in modulating behavioral responses based on changing incentive
values of reward-related stimuli (Hamilton & Brigman, 2015; Holmes & Wellman, 2009).

While stress influences the structure and function of orbitofrontal cortex (e.g., Godar et al.,
2015; Gourley, Swanson, & Koleske, 2013; Liston et al., 2006), these effects have been most
extensively studied in the medial prefrontal cortex. Thus, in this chapter we focus on the
medial prefrontal cortex. First, we provide a brief overview of the effects of chronic stress
on behaviors mediated by the medial prefrontal cortex, as assessed in animal models. We
then focus on the effects of chronic stress on the morphology and physiology of the medial
prefrontal cortex, and mechanisms that may mediate these effects. Because the vast majority
of research on the effects of stress on the prefrontal cortex has focused on males, the bulk

of this chapter will likewise focus on males. However, we end with a discussion of emerging
evidence for sex differences in the effects of stress on the prefrontal cortex.

Effects of Chronic Stress on Prefrontally-Mediated Behaviors

In male rodents, chronic stress produces deficits in a variety of behaviors mediated by the
medial prefrontal cortex, and these deficits are remarkably consistent across a range of
stressors and chronicities. For instance, extinction of conditioned fear is heavily dependent
on the infralimbic cortex, and studies using a variety of stress manipulations (e.g., restraint
stress, unpredictable mild stress, elevated platform stress), either acute or chronic (varying
in duration from seven to twenty-one days) have demonstrated that stress impairs extinction
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learning (Baran, Armstrong, Niren, Hanna, & Conrad, 2009; Garcia, Spennato, Nilsson-
Todd, Moreau, & Deschaux, 2008; Goswami, Cascardi, Rodriguez-Sierra, Duvarci, & Pare,
2010; Izquierdo, Wellman, & Holmes, 2006; Knox, George, et al., 2012; Knox, Nault,
Henderson, & Liberzon, 2012; Knox, Perrine, George, Galloway, & Liberzon, 2010; M.
Maroun et al., 2013; Miracle, Brace, Huyck, Singler, & Wellman, 2006; Wilber et al.,
2011). Likewise, chronic stress of varying intensities and chronicities impairs behavioral
flexibility as assessed via attentional set-shifting. The extradimensional shift in this task is
mediated by the prelimbic cortex (Birrell & Brown, 2000; Hamilton & Brigman, 2015), and
is preferentially disrupted by chronic stress in male rats (Jett, Bulin, Hatherall, McCartney,
& Morilak, 2017; Liston et al., 2006; McKlveen et al., 2016; Moench, Breach, & Wellman,
2020; Nikiforuk & Popik, 2011, 2013). Likewise, working memory is impaired after chronic
stress (Hains et al., 2009; Kim et al., 2017; Mika et al., 2012; Mizoguchi et al., 2000).

On the other hand, effects of acute stress on working memory are mixed, with reports of
either facilitation (YYuen et al., 2009) or impairment (Devilbiss, Jenison, & Berridge, 2012),
perhaps dependent on the timing of the acute stressor.

Effects of Chronic Stress on Structure and Function of the Prefrontal

Cortex

Effects of Chronic Stress on the Medial Prefrontal Cortex: Morphology

The medial prefrontal cortex is a target for hormones involved in the stress response, such
as the glucocorticoids corticosterone and cortisol (Meaney & Aitken, 1985). Stress-induced
alterations in neuronal morphology are perhaps the best-documented effects of stress on
the prefrontal cortex (Figure 2). In male rats, chronic restraint stress produces retraction

of apical dendrites of pyramidal neurons in the prelimbic cortex (Cook & Wellman,

2004; Garrett & Wellman, 2009; Liston et al., 2006; Martin & Wellman, 2011; Moench

& Wellman, 2017; Radley et al., 2005; Radley et al., 2006; Radley et al., 2004), an

effect that is mimicked with chronic corticosterone administration (Cerqueira et al., 2005;
Cerqueira, Taipa, Uylings, Almeida, & Sousa, 2007; Wellman, 2001). A similar pattern

of stress-induced retraction is seen in apical dendritic branches of neurons within the
infralimbic region of the medial prefrontal cortex (Izquierdo et al., 2006; Moench, Maroun,
Kavushansky, & Wellman, 2016; Shansky, Hamo, Hof, McEwen, & Morrison, 2009). Even
shorter, milder episodes of stress are sufficient to produce dendritic atrophy in the medial
prefrontal cortex: 10 minutes of restraint stress for 10 days (Brown, Henning, & Wellman,
2005) or 3 weeks of vehicle injection alone (Wellman, 2001) reduce dendritic arborization
within the medial prefrontal cortex, again with retraction occurring only in distal portions
of the apical arbor. These findings suggest that the morphology of the medial prefrontal
cortex is exquisitely sensitive to stress. Indeed, even acute stress, such as a single episode
of forced swimming in mice (lzquierdo et al., 2006) or exposure to an elevated platform
stressor in rats (Moench et al., 2016) produces reductions in apical dendritic branch length in
the infralimbic cortex.

Variations in dendritic structure are critical determinants of neuronal activity (e.g., Rall
et al., 1992; Spruston, 2008). In addition, within a neuron, dendritic compartments (e.qg.,
apical versus basilar, distal tufts versus proximal trunk; Gordon, Polsky, & Schiller, 2006;
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Han & Heinemann, 2013) are functionally distinct, with different inputs across dendritic
compartments (e.g., Groenewegen, 1988; L. W. Swanson & Cowan, 1977; Urban-Ciecko
& Barth, 2016). Thus, stress-induced structural alterations, with their specificity to the
apical dendrite and their distinctive spatial distribution within the apical arbor, may have
important functional implications. Consistent with this notion, in stressed rats, apical
dendritic debranching and retraction in the infralimbic region of medial prefrontal cortex
predict poorer extinction memory (Moench et al., 2016).

Dendritic spines are the major sites of excitatory inputs onto prefrontal pyramidal cells;
thus, stress-induced alterations in dendritic spine density could also contribute to alterations
in prefrontally-mediated behaviors. Indeed, stress- and corticosterone-induced dendritic
retraction is coupled with a decrease in spine density in the anterior cingulate and prelimbic
cortices (Barfield et al., 2017; Hains et al., 2009; Liu & Aghajanian, 2008; Radley et al.,
2006; Radley et al., 2008; A. M. Swanson, Shapiro, Whyte, & Gourley, 2013). Importantly,
this decrease in spine density correlates with impairment of working memory, a cognitive
function mediated by dorsal medial prefrontal cortex, and prevention of the stress-induced
spine loss via inhibition of protein kinase C prevents the working memory deficit (Hains et
al., 2009).

Variations in spine morphology may also reflect differences in function. For instance, larger,
mushroom-type spines are perhaps more mature, less labile, so-called “memory spines,”
whereas thin spines are thought to be more plastic (Segal, 2017). Accordingly, numerous
alterations in dendritic spine morphology after acute or chronic stress have been reported.
For instance, a shift in spine morphology from large mushroom spines to smaller thin spines,
and thus an overall reduction in spine volume and surface area, has been demonstrated in the
dorsal medial prefrontal cortex following either three weeks of daily restraint stress (Barfield
etal., 2017; Radley et al., 2008; though cf effects of chronic corticosterone administration)
or two weeks of chronic variable stress (Radley, Anderson, Hamilton, Alcock, & Romig-
Martin, 2013).

On the other hand, the effects of stress and glucocorticoids on dendritic spines in infralimbic
cortex are less clear. In mice, administration of corticosterone via drinking water at a

dose that produces restraint-stress levels of corticosterone in plasma significantly reduced
dendritic spine density on apical branches of deep-layer pyramidal cells in the infralimbic
cortex. However, chronic restraint stress (6 h/day for 3 weeks) did not significantly alter
spine density in the infralimbic cortex of rats (Shansky et al., 2009). These disparate results
may reflect sustained high levels of corticosterone in the former study versus habituation to
restraint in the latter, which suggests that subregions of the medial prefrontal cortex may

be differentially sensitive to stress. However, alterations in spine morphology or density
accompanying sub-chronic or acute stress may nonetheless contribute to stress-induced
deficits in extinction, as density of thin spines and estimates of total numbers of spines on
apical terminal branches are strongly negatively correlated with freezing during extinction in
rats exposed to one episode of elevated platform stress (Moench et al., 2016). Important
areas for future research include understanding how subregion-specific stress-induced
neuronal remodeling influences the physiology of the medial prefrontal cortex and related
circuitry; and how these influences are expressed in prefrontally-mediated behaviors.
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Effects of Chronic Stress on the Medial Prefrontal Cortex: Physiology

Stress-induced changes in the activity of the medial prefrontal cortex may underlie deficits
in prefrontally-mediated behaviors. For instance, in male rats, the deficit in extinction
retrieval induced by seven days of prior chronic restraint stress is accompanied by alterations
in activity of infralimbic cortex neurons (Wilber et al., 2011): neurons in unstressed rats
exhibited increased firing in response to the conditioned stimulus, whereas in stressed rats,
this increase in firing was absent. In addition, chronic restraint stress impaired induction of
long-term potentiation in the hippocampus-to-medial prefrontal cortex pathway (Cerqueira,
Mailliet, Almeida, Jay, & Sousa, 2007). Given that hippocampal projections to the prefrontal
cortex play a critical role in extinction learning (Garcia et al., 2008; Knapska et al., 2012;
Knapska & Maren, 2009), this impaired plasticity could contribute to the stress-induced
impairment of extinction (Garcia et al., 2008). Similarly, even an acute elevated platform
stressor impairs the induction of long-term potentiation in the amygdala-to-medial prefrontal
cortex pathway (Mouna Maroun & Richter-Levin, 2003), and application of the Single
Prolonged Stressor model decreases functional connectivity of the ventral medial prefrontal
cortex and the basolateral amygdala, as assessed with expression of the immediate early
gene c-Jun during extinction retrieval (Knox et al., 2018). Finally, acute stress exposure
during a working memory task altered the firing of prelimbic neurons, and this altered
activity was associated with deficits on the task (Devilbiss et al., 2012). Taken together,
these studies provide support for the notion that stress-induced alterations in the medial
prefrontal cortex contribute to deficits in prefrontally-mediated behaviors.

Effects of Chronic Stress on Medial Prefrontal Cortex: Neurochemistry

Stress-induced changes in neuronal morphology and function are accompanied by
pronounced alterations in the prefrontal glutamatergic system. For instance, two weeks

of exposure to stress levels of corticosterone administered via drinking water markedly
decreased expression of the NR2B subunit of the NMDA receptor and the GIuR2 and

3 subunits of the AMPA receptor in the ventral medial prefrontal cortex (comprised

of infralimbic cortex and ventral portions of prelimbic cortex), and this was associated
with impaired extinction of contextual fear (Gourley, Kedves, Olausson, & Taylor, 2009).
Likewise, seven days of daily restraint or variable stress altered expression of the NR1,
NR2A, and NR2B subunits of the NMDA receptor and the GIuR1 and GIuR1 subunits

of the AMPA receptor in adolescent (1-month-old) rats, and impaired AMPA- and NMDA-
receptor mediated neuronal excitability in the medial prefrontal cortex (Wei et al., 2014;
Yuen et al., 2012). Similar stress-induced decreases in glutamatergic receptor expression
and transmission have been reported in the medial prefrontal cortex of adult rats and mice
(Jett et al., 2017; Shepard & Coutellier, 2018). Given the well-documented role for NMDA
receptor-dependent activity in the prefrontal cortex in prefrontally-mediated behaviors such
as extinction (Burgos-Robles, Vidal-Gonzalez, Santini, & Quirk, 2007; Santini, Muller, &
Quirk, 2001; Vieira et al., 2015), it is likely that this stress-induced dysfunction of the
prefrontal glutamatergic system contributes to the stress-induced impairment of prefrontal
behaviors.

Interestingly, changes in the glutamatergic system may be driven in part by stress-induced
increases in GABAergic inhibition of pyramidal cells. Using patch-clamp recordings,
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Herman and colleagues (McKlveen et al., 2016) recently demonstrated that 2 weeks of
chronic variable stress (rotation on a platform orbital shaker, warm swim, cold swim, cold
exposure, brief hypoxia, overnight social isolation, overnight social crowding) produced
increased miniature inhibitory postsynaptic currents in pyramidal neurons in infralimbic
cortex, an effect that was blocked by the application of a GABA receptor antagonist.
This increased inhibition may have been due to increased GABAergic innervation of the
pyramidal cells, as the number of Gad65-positive puncta on CAMKII-positive cells was
markedly increased in rats subjected to chronic variable stress (McKlveen et al., 2016).

Long-Term Sequelae of Chronic Stress

Recent data suggest that chronic stress can have relatively long-lasting effects on
morphology and neurochemistry in medial prefrontal cortex. For instance, dendritic
remodeling in prelimbic cortex of chronically stressed male rats is highly dynamic during
the post-stress rest period. Following a 7-day post-chronic stress rest period, chronically
stressed male rats have apical dendritic outgrowth relative to unstressed males, despite initial
chronic stress-induced dendritic retraction (Moench & Wellman, 2017). In this same time
period, expression of the genes coding for the NR1 and GIuR1 subunits of the NMDA and
AMPA receptors, respectively, along with Gad67 and parvalbumin, is increased (Moench

et al., 2020). It is interesting to speculate that the upregulation of glutamatergic genes may
reflect the increase in dendritic material seen one week post-stress, while the upregulation of
the GABAergic genes may be indicative of compensatory changes involved in maintaining
an optimal excitation-inhibition balance in prelimbic cortex. Interestingly, this same study
demonstrated a chronic stress-induced deficit in extradimensional set-shifting one day
following stress, which was no longer present one week post-stress. This suggests that

the delayed changes in gene expression may also play a role in the functional recovery

of prelimbic cortex following the cessation of chronic stress (Moench et al., 2020). It

is interesting to speculate that that these lasting changes may confer some resilience to
subsequent stressors, as chronically stressed male rats have persistent reductions in novel
stress-induced c-Fos expression in mPFC (Moench, Breach, & Wellman, 2019; Ostrander et
al., 2009) and a blunted neuroendocrine response to a novel stress challenge (Ostrander et
al., 2009).

Mechanisms of Chronic Stress-Induced Alterations in the Medial Prefrontal

Cortex

A growing body of literature has begun to elucidate the mechanisms underlying stress-
induced changes in structure and function in the medial prefrontal cortex. For instance,
similar to stress, three weeks of daily injections of stress levels of corticosterone remodels
apical dendrites of pyramidal neurons in the dorsal medial prefrontal cortex (Cerqueira et
al., 2005; Wellman, 2001). Further, systemic administration of the glucocorticoid receptor
blocker RU38486 during either chronic restraint (10 days) or chronic unpredictable stress
(14 days) prevents stress-induced apical dendritic remodeling (Liu & Aghajanian, 2008) and
spine loss (Horchar & Wohleb, 2019) in the medial prefrontal cortex. This is consistent
with the finding that, /n vitro, glucocorticoid receptors mediate the stress-induced decreases
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in functional glutamatergic receptors and impairment of glutamatergic transmission in
medial prefrontal cortex (Yuen et al., 2012). However, it is not known whether, /in vivo,
glucocorticoid receptors contribute to stress-induced dendritic retraction via direct actions in
prefrontal cortex, or by modulation of inputs to prefrontal cortex.

In addition, systemic administration of a competitive NMDA receptor blocker during

daily restraint stress also prevents stress-induced dendritic retraction in medial prefrontal
cortex (Martin & Wellman, 2011). Again, this could be due either to a direct effect

in the medial prefrontal cortex or alteration of inputs to the medial prefrontal cortex.
Although the aforementioned study did not assess spine density, a small literature implicates
NMDARs and AMPA receptors (AMPARS) in chronic stress-induced loss of spines. For
instance, a single dose of either the NMDAR blocker ketamine or the specific NMDAR

2B blocker Ro25-6981 following 21 days of chronic unpredictable mild stress (including
cold, disruption of light-dark cycle, crowding, shaking, and exposure to an aversive odor)
rescues spines, particularly in layer V of the prelimbic cortex (Li et al., 2011). This effect
involved activation of the mTOR (mammalian target of rapamaycin) signaling pathway, as
the beneficial effect of NMDAR blockade was prevented by administration of rapamycin.
Additionally, NMDAR- and AMPAR-excitatory post-synaptic currents (EPSCs) are reduced
following 5 or more days, but not 3 or fewer days, of repeated behavioral stressors (Li et

al., 2011; Yuen et al., 2012). Further examination of the mechanisms underlying decreased
activity at these glutamatergic receptors demonstrated that the reduction in EPSC amplitude
is dependent on ubiquitin/proteasome degradation of GIuR1 and NR1 subunits (Yuen et al.,
2012). Given the profound and multifaceted influence of glucocorticoids and glucocorticoid
receptors on glutamatergic transmission, including both classical and nongenomic effects on
glutamate release and clearance as well as NMDAR and AMPAR responses (reviewed in
Popoli, Yan, McEwen, & Sanacora, 2012), it is interesting to speculate that glutamatergic
receptors on dendritic spines may be the final common pathway by which stress-induced
increases in glucocorticoids alter both dendritic morphology in the medial prefrontal cortex
and prefrontally-mediated behaviors.

Consistent with this notion, modulators of glutamatergic activity, such as dopaminergic
signaling and brain derived neurotrophic factor (BDNF), are critical for several prefrontally-
mediated behaviors and have also been implicated in stress-induced alterations in the
medial prefrontal cortex. For instance, dopamine modulates NMDA receptor-mediated
currents via D1 receptors (reviewed in Tritsch & Sabatini, 2012), and D1 receptors in

the medial prefrontal cortex have been implicated in extinction (Fiorenza, Rosa, Izquierdo,
& Myskiw, 2012; Hikind & Maroun, 2008), attentional set-shifting (Nikiforuk, 2012), and
working memory (Vijayraghavan, Wang, Birnbaum, Williams, & Arnsten, 2007). Given the
interactions between glucocorticoids and D1 receptors (reviewed in Sinclair, Purves-Tyson,
Allen, & Weickert, 2014), it is not surprising that infusion of the D1 blocker SCH23390
into the medial prefrontal cortex prevents stress-induced dendritic retraction (G. L. Lin,
Borders, Lundewall, & Wellman, 2015) and attenuates stress-facilitated, priming-induced
drug seeking after extinction (Ball et al., 2018).

BDNF signaling is likewise critical for extinction (McGinty, Whitfield, & Berglind, 2010;
Peters, Dieppa-Perea, Melendez, & Quirk, 2010; Rosas-Vidal, Do-Monte, Sotres-Bayon,
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& Quirk, 2014) and behavioral flexibility (Barfield & Gourley, 2017; Otis, Fitzgerald, &
Mueller, 2014; Papaleo et al., 2011). However, although BDNF appears to play a key role
in synaptic remodeling in hippocampus (An et al., 2008) and amygdala (Govindarajan et al.,
2006) following stress, evidence for its role in the medial prefrontal cortex is mixed, with
some reports of stress-induced downregulation of BDNF mRNA (reviewed in Calabrese,
Molteni, Racagni, & Riva, 2009), and other studies failing to find stress-induced changes
(Chiba et al., 2012; Y. Lin et al., 2009). On the other hand, infusion of BDNF into the
infralimbic cortex can reverse some of the behavioral effects of stress (Graybeal et al.,
2011). Further, Yu and colleagues (2012) demonstrated that 7 days of chronic restraint stress
reduced spine density in the medial prefrontal cortex of Val66Met knock-in mice, in which
activity-dependent release of BDNF is reduced, compared to stressed wild type (WT) mice.
Interestingly, although the behavioral and neuroendocrine profile of these knock-in mice
was comparable to that of WT prior to stress exposure, spine density was not different

in unstressed WT versus knock-in mice. Nonetheless, stress-induced increases in plasma
corticosterone and adrenocorticotropic hormone (ACTH) were greater in knock-in mice
relative to WT. Thus, low basal levels of BDNF are not sufficient to decrease spine density,
but could contribute to the development of a heightened response to stress, leading to
downstream effects on spinogenesis. This finding illustrates the importance of considering
gene x environment interactions in the pathophysiology of stress-sensitive disorders. In
addition, administration of ketamine, an NMDA antagonist, did not ameliorate the effects of
BDNF deficiency in Val66Met knock-in mice, but does ameliorate stress-induced prefrontal
spine loss in WT mice and rats, indicating that BDNF plays a crucial role in synaptogenesis
in the medial prefrontal cortex. Liu and colleagues (2012) suggest a mechanism by which
glucocorticoids, NMDARs, and BDNF interact to mediate synaptogenesis: 1) ketamine
transiently increases the presynaptic release of glutamate, leading to a burst of action
potentials at the synapse; 2) this bursting increases AMPAR stimulation, facilitating the
release of BDNF; 3) BDNF binds to its receptor (TrkB), activating mTOR, which has the
downstream effect of the translation of synaptic proteins, thus leading to synaptogenesis
(Liu et al., 2012). Therefore, if BDNF is down-regulated as in Val66Met knock-in mice

or by chronic stress, the downstream events of ketamine administration or natural rises in
glutamate will be blocked, resulting in either synaptic stasis or potentially, synaptic pruning
in cases where excess levels of glucocorticoids are present (see Figure 3). This synaptic
pruning in turn could contribute to stress-induced deficits in extinction.

Interestingly, emerging evidence suggests a novel potential mechanism for the effects of
stress on prefrontal structure and function in males: activation of microglia. Microglia, the
immunocompetent cells of the brain, can sculpt neuronal morphology through the release
of neurotrophic factors, cytokines, and chemokines, engagement with complement proteins,
and direct microglia-neuron contact. These cells can modulate neuronal activity, prune
synapses, stimulate spine outgrowth, and alter behavioral function (reviewed in Salter &
Beggs, 2014; Salter & Stevens, 2017). Chronic stress increases microglial cell density and
heightens microglia-neuron interaction, as reflected in cellular morphology and reciprocal
increases in neuronal colony stimulating factor 1 (CSF1) and microglial CSF1R expression
in the medial prefrontal cortex (Bollinger, Bergeon Burns, & Wellman, 2016; Bollinger,
Salinas, Fender, Sengelaub, & Wellman, 2019; Walker, Nilsson, & Jones, 2013; Wohleb,
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Terwilliger, Duman, & Duman, 2018). These changes in microglial activation are associated
with deficits in spatial working memory and temporal object recognition (Hinwood,
Morandini, Day, & Walker, 2012; Horchar & Wohleb, 2019; Wohleb et al., 2018). Moreover,
recent findings indicate that chronic unpredictable stress increases microglial engagement
with dendritic spines and phagocytosis of dendritic elements, while decreasing apical
dendritic spine density in the medial prefrontal cortex. Importantly, local knockdown of
CSF1 prevented these effects (Wohleb et al., 2018), suggesting that neuron-microglia
signaling may orchestrate stress-induced dendritic remodeling. In line with prior findings,
glucocorticoids appear to initiate these interactions: blocking glucocorticoid receptors with
daily injections of RU38486 prevents chronic stress-induced, microglia-mediated dendritic
remodeling in the medial prefrontal cortex (Horchar & Wohleb, 2019).

Sex Differences in the Effect of Stress on the Medial Prefrontal Cortex

Despite dramatic sex differences in the rates and expression of stress-related psychological
disorders (Cover, Maeng, Lebron-Milad, & Milad, 2014), the vast majority of the research
on the neurobiological mechanisms underlying stress effects on emaotional behavior has
focused on males, as have the preceding sections of this chapter. Investigations of

the mechanisms underlying potential stress-induced plasticity of corticolimbic structures

in females are critical for providing the groundwork necessary to develop sex-specific
treatment for stress-related psychopathology. A small number of studies have begun to
address this issue, and have demonstrated that stress does in fact produce very different
effects on the structure and function of the prefrontal cortex. For example, while chronic
stress impairs temporal object recognition and fear extinction in male rats, similar deficits
are not observed in female rats (Baran et al., 2009; Hoffman, Armstrong, Hanna, & Conrad,
2010; Wei et al., 2014). Likewise, chronic stress impairs attentional set-shifting in male but
not female rats (Moench et al., 2020). Further, whereas male rats exhibit dendritic retraction
in medial prefrontal cortex following stress, female rats either exhibit no dendritic changes
or may even exhibit dendritic hypertrophy (Figure 4; Garrett & Wellman, 2009; Moench &
Wellman, 2017; Shansky et al., 2010).

In males, chronic stress results in a downregulation of the NMDA receptor subunits NR1,
NR2A, and NR2B (Lee & Goto, 2011; Shepard & Coutellier, 2018). These changes are
associated with deficits in temporal order working memory in adolescent rats (Wei et al.,
2014). Downregulation of the AMPA receptor subunit GIuR1 also has also been reported
following chronic stress and is associated with depressive-like behaviors in male rats (Li et
al., 2011). Thus, reduced glutamatergic transmission likely plays an important role in stress-
induced deficits in behaviors that are mediated by the medial prefrontal cortex. Notably, the
effect of stress on glutamatergic neurotransmission appears to be more pronounced in males
than females (Wei et al., 2014).

In contrast to the effects of chronic stress on glutamatergic neurotransmission, recent studies
have suggested that chronic stress-induced changes in GABAergic neurotransmission may
be more pronounced in the medial prefrontal cortex of females. For instance, female mice
exposed to 2 weeks of chronic unpredictable mild stress have an increase in the expression
of parvalbumin mRNA in the medial prefrontal cortex, which corresponded to a decrease in
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overall neuronal activation as measured by c-Fos expression (Shepard, Page, & Coutellier,
2016). Further, chronically stressed female mice have greater glutamatergic transmission
onto parvalbumin-expressing neurons in the medial prefrontal cortex (Shepard & Coutellier,
2018). Thus, inhibitory tone in the medial prefrontal cortex may be enhanced in chronically
stressed female mice, which may contribute to deficits on an object-context mismatch test
(Shepard & Coutellier, 2018; Shepard et al., 2016). Together, these studies suggest that
chronic stress-induced changes in the prefrontal GABAergic system may be pronounced in
females, while changes in glutamatergic neurotransmission may be pronounced in males.
This pattern likely contributes to sex differences in performance on tasks mediated by the
medial prefrontal cortex following chronic stress.

Differential activation of microglia may contribute to these sex-dependent effects of stress
on the prefrontal cortex and behavior. For instance, acute restraint stress induced microglial
morphological activation in medial prefrontal cortex in males, but deactivation in females
(Bollinger et al., 2016). Microglial morphology returned to baseline following 10 days of
restraint in males, whereas microglial deactivation persisted in females (Bollinger et al.,
2016). These findings demonstrate both opposite effects of stress on microglia activation in
males and females and differing temporal patterns of stress-induced microglial remodeling.
Consistent with the notion that these differences may contribute to sex-dependent stress
effects on neuronal morphology, chronic unpredictable stress induced microglia-neuron
interaction and synaptic pruning in medial prefrontal cortex in males, but not females
(Wohleb et al., 2018).

Interestingly, the lasting effects of chronic stress are also sex-dependent. For instance, while
male rats undergo dynamic dendritic remodeling in the week following the cessation of
chronic restraint stress, females do not (Moench & Wellman, 2017). Such differences may
produce functional differences in subsequent responses to stress. For example, there are

sex differences in neuronal activation across a number of corticolimbic brain regions in
chronically stressed rats that are exposed to a novel stress challenge (Moench et al., 2019).
Notably, males have a persistent reduction in novel stress-induced neuronal activation in
prelimbic cortex. In contrast, prior chronic stress does not modulate neuronal activation in
prelimbic cortex in response to a novel stress challenge in females (Moench et al., 2019).
Consistent with this, while parvalbumin mRNA expression was increased in males one week
post chronic stress and sustained through a novel stress challenge, this novel stress challenge
reduced parvalbumin expression in females. Together, these data suggest that males may
have enhanced inhibitory signaling in prelimbic cortex following a novel stress challenge
that was not present immediately following chronic stress. In contrast, while females appear
to have greater inhibitory tone after chronic stress, this inhibition may be reduced following
a novel acute stress challenge, resulting in behavioral deficits that are not found in males
(Moench et al., 2020). These differential responses in the medial prefrontal cortex coincide
with sex-dependent effects of the subsequent novel stressor on attentional set-shifting, with
females but not males showing deficits in extradimensional set-shifting (Moench et al.,
2020).
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Further systematic investigation of the phenomenology, functional implications, and
mechanisms underlying the immediate and longer-term sex-dependent effects of stress is
critical for developing sex-specific treatments for stress-sensitive psychopathologies.

Conclusions

Extensive evidence gathered from animal models demonstrates that prior stress—either
chronic or acute—alters the prefrontal cortex and behaviors mediated by it. Indeed, in
males, these behavioral changes correlate nicely with alterations in prefrontal structure and
function. However, much work remains to be done, both at the level of neurochemical
mechanisms and localization of these mechanisms to specific structures, to directly test
the hypothesis that these changes mediate stress-induced changes in prefrontally-dependent
behaviors. Ultimately, a full understanding of the neural mechanisms underlying stress-
induced impairments in prefrontal function will require investigations at the circuit level of
analysis, to account for differential and opposing effects of stress on the neural circuitry
underlying these complex behaviors (Wellman & Moench, 2019). Finally, investigation of
the neural basis for individual differences, especially sex differences in vulnerability to
stress-induced alterations in extinction and behavioral flexibility, will be instrumental in
identifying avenues for novel interventions for stress-sensitive disorders characterized by
alterations in prefrontally-mediated behaviors.
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Figure 1.

Schematic diagram of coronal sections through the rostral forebrain of the rat, with

prefrontal brain regions likely to play a role in stress effects on extinction identified.
> Coordinates given are relative to Bregma in rat brain. AC, anterior cingulate; PL,
c prelimbic; IL, infralimbic; MO, medial orbitofrontal; VO, ventral orbitofrontal; LO, Lateral
g Orbitofrontal. Adapted from Paxinos and Watson (1998).
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Figure 2.
Summary of chronic stress-induced neuronal remodeling in medial prefrontal cortex of male

rodents. Above. Chronic stress produces retraction of apical dendrites of pyramidal neurons
in both prelimbic and infralimbic cortex. Blockade of either glucocorticoid (GR), NMDA
(NMDAR), or dopaminergic D1 family receptors prevents the stress-induced dendritic
remodeling. Below. Chronic stressors decrease spine density in prelimbic cortex and the
ratio of mushroom (circled in blue, large heads) to thin spines (circled in red, small heads).
The effect of stress on spine density in infralimbic cortex is less studied, but may be less
robust.
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Figure 3.
Possible neurochemical/molecular pathways for stress-induced synaptic remodeling in

medial prefrontal cortex in males. Above. In an unstressed rodent, increases in postsynaptic
glutamatergic signaling (1) are associated with release of brain-derived neurotrophic factor
(BDNF) (2); BDNF’s activity at its TrkB receptor (3) results in increased synaptogenesis

via a mammalian target of rapamaycin (mTOR)-dependent pathway (4). Below. During
chronic stress, increased glucocorticoid signaling (1) results in loss of functional NMDA and
AMPA receptors (2), which decreases postsynaptic glutamatergic signaling (3). Concurrent
reduction in BDNF release (4) in medial prefrontal cortex decreases TrkB signaling (5),
resulting in decreased synaptogenesis (6). NR1, NR1 subunit of the NMDA receptor; GIuR1,
GIuR1 subunit of the AMPA receptor; GR, glucocorticoid receptor.
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Figure 4.
Sex differences in stress effects on dendritic morphology and recovery in the medial

prefrontal cortex. Pyramidal neurons in the medial prefrontal cortex have more complex
apical dendritic arbors in unstressed male rats compared to unstressed females. Following 10
days of chronic restraint stress (0 D), males show robust reductions in dendritic arborization,
whereas females show either no change in arborization or dendritic outgrowth. Males
exhibit dendritic outgrowth at 7 days post-stress (7 D), with dendritic complexity returning
to baseline by 10 days post-stress (10 D). Females show baseline dendritic complexity

at both 7- and 10-days post-stress. Together, these findings indicate sex differences in
dendritic arborization in the medial prefrontal cortex, alongside sex-specific stress effects on
dendritic complexity in this region. The physiological and behavioral consequences of these
sex-dependent patterns remain largely unexplored.
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