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Abstract

Stress is associated with the onset and severity of several psychiatric disorders that occur more
frequently in women than men, including posttraumatic stress disorder (PTSD) and depression.
Patients with these disorders present with dysregulation of several stress response systems,
including the neuroendocrine response to stress, corticolimbic responses to negatively valenced
stimuli, and hyperarousal. Thus, sex differences within their underlying circuitry may explain sex
biases in disease prevalence. This review describes clinical studies that identify sex differences
within the activity of these circuits, as well as preclinical studies that demonstrate cellular and
molecular sex differences in stress responses systems. These studies reveal sex differences from
the molecular to the systems level that increase endocrine, emotional, and arousal responses to
stress in females. Exploring these sex differences is critical because this research can reveal the
neurobiological underpinnings of vulnerability to stress-related psychiatric disorders and guide the
development of novel pharmacotherapies.
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1. Introduction

Stressor exposure initiates a complex set of neuronal, endocrine, and behavioral responses
that prepare an organism to cope with this perturbation in homeostasis. Although initiation
of these stress responses is typically adaptive, their persistent or inappropriate activation is
linked to the pathophysiology of several medical and psychiatric disorders. Despite the fact
that most people will experience a large number of stressful events during their lifetime,
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only a small percentage go on to develop the dysregulated stress responses that characterize
these diseases. Thus, a major challenge of modern medicine is to determine what factors
confer vulnerability or resilience to stress. Several of these factors already have been
identified. For example, early life stress can increase the vulnerability to develop certain
psychiatric disorders in adulthood [1; 2; 3]. Additionally, coping strategy is a determinant of
the development of certain diseases, such that a passive coping strategy is a risk factor for
major depression, while a proactive coping strategy is a risk factor for cardiovascular
disease [4; 5; 6; 7; 8; 9]. Another factor associated with stress vulnerability is biological sex.
Although historically sex differences in medical and psychiatric disorders were largely
ignored, more recent research has focused on the neurobiological underpinnings of sex
differences in vulnerability and resilience to stress and its related disorders.

The interest in sex as a moderating factor of disease vulnerability comes, in part, from
epidemiological data that reveal sex differences in the prevalence of many disorders that are
exacerbated by stress (Table 1). For example, men are more likely to suffer from substance-
related disorders, such as alcohol and drug abuse [10; 11]. In contrast, women are roughly
twice as likely to suffer from anxiety disorders, such as panic disorder, and trauma-related
disorders, such as posttraumatic stress disorder (PTSD)[12; 13; 14; 15]. Women also have
higher rates of major depression than men [16; 17; 18]. Medical disorders that are often
comorbid with depression and anxiety, such as migraines, insomnia, and irritable bowel
syndrome, are reported more frequently in women, perhaps suggesting some common
underlying pathology [19; 20; 21; 22; 23; 24]. These epidemiological data detail sex
differences in many stress-related disorders, but population-based studies of disease
prevalence can fail to capture nuances in presentation of these diseases. For instance,
although fewer women experiment with drugs, when women are exposed to addictive drugs
they develop substance abuse faster than men [25; 26]. Additionally, a recent study on
depression found that when additional symptoms related to the disorder, such as anger
attacks/aggression, substance abuse, and risk taking, were included in the diagnosis, the sex
disparities in disease prevalence were eliminated [27]. Even while bearing these caveats in
mind, the sex differences in the prevalence and presentation of stress-related disorders
suggest sex differences in their underlying biology.

Given the diversity of psychiatric and medical disorders related to stress that have a sex bias,
exploring the neurobiological mechanisms that contribute sex disparities in all of these
disorders is beyond the scope of this review. Instead, we will focus on several disorders with
a sex bias that share common pathophysiology as prototypical examples. These examples
will illustrate how sex differences at the molecular and cellular level can contribute to sex
differences in disease vulnerability and severity. The disorders that are the focus of the
review include trauma-related disorders and major depression. Not only are these stress-
related psychiatric disorders more prevalent in women, but they share three other features:
dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, heightened reactivity to
emotional stimuli with a negative valence, and hyperarousal. The goal is, when possible, to
link sex differences in clinical features to sex differences in the circuitry that mediates these
features (Fig. 1). Additionally, preclinical studies that associate sex specific cellular and
molecular alterations with sex differences in stress hormone levels, emotions, and arousal
will be highlighted.
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2. Sex differences in neuroendocrine responses to stress
2.1 The HPA axis

One of the hallmarks of the stress response is activation of the HPA axis. Activation of this
neuroendocrine response to stress results in the release of glucocorticoids. These hormones
prepare the organism to deal with threatening stimuli by increasing energy though glucose
metabolism, lipolysis, and proteolysis, while suppressing growth, reproduction, and the
immune system [28; 29; 30]. There are several brain regions and endocrine glands that work
in concert to modulate HPA axis activity in response to stress. Initiation of this response
following stressor exposure occurs when hypophysiotrophic neurons in the paraventricular
nucleus of the hypothalamus (PVN) release corticotropin releasing factor (CRF) and
vasopressin [31; 32]. These neuropeptides stimulate the pituitary gland to secrete
adrenocorticotropic hormone (ACTH) into the blood stream. In turn, ACTH acts on the
cortex of the adrenal glands to induce the production of glucocorticoids. In humans the
primary glucocorticoid is cortisol, while in rats and mice it is corticosterone [33; 34]. These
glucocorticoids then “feedback” on glucocorticoid receptors (GRs) in the PVN and pituitary
to limit activation of this system [35; 36; 37]. There are two types of feedback, fast and
delayed, and both are thought to be mediated by GRs. In fast feedback, membrane GRs
induce endocannabinoid suppression of the hypothalamus [38; 39]. In delayed feedback,
GRs are shuttled from the cytosol to the nucleus where they can repress gene transcription of
CRF, CRF receptors, and precursors of ACTH [40; 41; 42; 43; 44; 45]. In addition to their
role in mediating negative feedback at the level of the pituitary and hypothalamus, GRs are
also located in many other brain regions, including the hippocampus, septum, amygdala,
hypothalamus, and nucleus of the solitary tract [35; 46; 47]. Glucocorticoids also can
indirectly regulate negative feedback at the level of the PVVN through activation of GRs in
the hippocampus, which can inhibit this neuroendocrine response via connections to the
PVN [29; 48]. Appropriate glucocorticoid negative feedback is critical because the
metabolic and immune changes induced by glucocorticoid release that are adaptive in the
short term, are detrimental to health if they endure [29; 49; 50].

Cortisol levels that are either too low or too high characterize certain psychiatric disorders.
For example, in PTSD there is a complex dysregulation of cortisol that typically manifests
as low waking and evening cortisol, but higher cortisol responses to trauma-related cues [51;
52; 53; 54]. Many patients with depression, in contrast, have high levels of cortisol [55; 56;
57; 58]. These alterations in cortisol levels are thought to precede the development of both
PTSD and depression, and when symptoms of these disorders remit, cortisol levels
normalize [55; 57; 59; 60]. Thus, dysregulation of the neuroendocrine response to stress is
likely a risk factor for developing these stress-related psychiatric disorders.

2.2 Clinical studies demonstrating sex differences in HPA axis activity

Because women are more likely than men to suffer from disorders PTSD and depression,
which are linked to HPA axis dysregulation, sex differences in the HPA axis have been
evaluated. In healthy participants, baseline cortisol levels are typically comparable between
men and women [61; 62] In contrast, sex differences in cortisol levels following stress have
been reported, but the direction of these effects is inconsistent. Some studies find higher
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stress-induced cortisol levels in women, while others find higher stress-induced cortisol
levels in men [61; 62; 63; 64; 65; 66]. These discrepant findings are thought to relate to the
different stressors used in these studies, or other characteristics of the participants, such as
their age or hormonal status [61; 63; 65]. Given these conflicting findings, it does not appear
that sex differences in the neuroendocrine response to stress predispose women to stress-
related psychiatric disorders. However, no longitudinal studies that are statistically designed
(i.e., sufficiently powered) to detect sex differences have investigated whether sex
differences in neuroendocrine responses to stress predict female vulnerability to PTSD and
depression. Thus, this possibility cannot yet be ruled out.

In patient populations, sex differences in cortisol levels have been reported in PTSD and
depression. Some have reported that women with PTSD have lower cortisol levels than their
healthy counterparts, an effect not observed in men [67; 68]. Although not always
replicated, these results do suggest that, in some cases, low cortisol levels distinguish
women with PTSD from those without [69; 70]. Results from studies investigating sex
differences in depression are more consistent. Depressed women typically have higher
cortisol levels than depressed men [71; 72]. This sex difference is particularly pronounced
following stressful and other negative life events [73; 74]. Together, these studies suggest
greater HPA axis dysregulation in women than men with stress-related psychiatric disorders.

Elevated cortisol levels associated with depression have been attributed to impaired
glucocorticoid negative feedback. This link is based, in part, from findings using
dexamethasone suppression as in the dexamethasone suppression test (DST).
Dexamethasone is a synthetic glucocorticoid that binds with high affinity to GRs in the brain
and pituitary to suppress the release of cortisol in healthy people [75]. However,
dexamethasone fails to suppress cortisol in 20-60% of patients with depression [76; 77; 78].
A modified version of this test, called the combined DST/CRF test, identifies roughly 80%
of patients with depression [79; 80; 81]. In the combined DST/CRF test, dexamethasone
treatment is followed by administration of CRF. When administrated alone, CRF acts at the
level of the pituitary to increase ACTH and cortisol. However, if this CRF administration is
preceded by dexamethasone treatment, as it is in the DST/CRF test, dexamethasone
suppresses the ability of CRF to increase ACTH and cortisol levels, at least in healthy
subjects. In contrast, in the majority of depressed patients, pretreatment with dexamethasone
fails to suppress CRF-induced ACTH and cortisol release [79; 80; 81].

Sex differences in the DST and combined DST/CRF test have been evaluated. Although
dexamethasone suppression is influenced by menstrual cycle phase, sex differences in
cortisol release when dexamethasone is administered alone are not typically reported [82;
83; 84; 85]. However, the hormonal response to CRF following dexamethasone pretreatment
is greater in both healthy and depressed women than in their male counterparts [86; 87].
This suggests that, while there may not be striking sex differences in glucocorticoid negative
feedback, there are sex differences in CRF sensitivity. In support of this idea, the
administration of CRF alone to healthy individuals increases the neuroendocrine response to
stress to a greater degree in women than men [71; 88]. This effect appears to be mediated by
the ovarian hormone surge during puberty, because cortisol output in response to CRF
increases with pubertal stage in girls but not boys [89]. When considered together, these

Front Neuroendocrinol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Bangasser and Valentino Page 5

studies suggest that pubertal surge in ovarian hormones increases CRF sensitivity at the
level of the pituitary in women.

Evidence suggests that CRF is elevated in brains of patients with depression and PTSD,
perhaps as a result of CRF hypersecretion [90; 91; 92]. For example, patients with these
disorders have higher levels of CRF in their cerebrospinal fluid, which are thought to reflect
high levels of central CRF release [92; 93; 94; 95]. Postmortem studies have confirmed
increased CRF expression in the brains of depressed patients [96; 97; 98; 99]. These studies
also have revealed alterations in the expression of the CRF; receptor subtype, which is the
subtype that mediates the HPA axis and anxiety-related behavior [96; 100; 101; 102].
Additionally, single nucleotide polymorphisms on the CRF; gene are found in patients with
stress-related psychiatric disorders [103; 104; 105; 106]. Together these results suggest
widespread dysregulation of the central CRF system in certain psychiatric diseases. This
central dysregulation could alter the neuroendocrine response to stress. Given the evidence
that CRF dysregulation is characteristic of these disorders and they occur more frequently in
women, it is somewhat surprising that few clinical and postmortem studies looked for
specifically for sex differences in the CRF system (but see [107]). However, preclinical
models, detailed below, have identified sex differences in CRF function, as well as in
molecular and hormonal regulation of the neuroendocrine response to stress. If confirmed in
humans, these sex differences could help explain female vulnerability to stress-related
psychiatric disorders.

2.3 Sex differences in HPA axis activity in preclinical models

Over 50 years ago Kitay (1961) reported sex differences in corticosterone levels in rats
[108]. Since then many investigators have confirmed that female rats have higher basal and
stress-induced corticosterone levels than male rats (e.g., [109; 110]. For example, compared
to male rats, higher diurnal corticosterone peaks are observed in female rats [111].
Additionally, stressor exposure causes a greater increase in ACTH and corticosterone in
female than male rats [108; 109; 110; 112; 113; 114; 115; 116; 117]. These neuroendocrine
sex differences are established, in part, by ovarian hormones. Females in proestrus (the
phase of the estrous cycle when estrogen and progesterone levels are elevated) have higher
corticosterone levels than females in diestrus (when estrogen and progesterone levels are
low) or males [118; 119; 120]. Collectively, these studies demonstrate that, unlike the
equivocal findings in humans, reliable sex differences in HPA axis activity are found in
rodents. The reason for the discrepancy between the human and rodent literature is unclear.
If it were possible to control for the same number of variables in humans as it is in rodents
(e.g., diet, housing conditions, etc.), perhaps consistently higher levels of cortisol would be
observed in women compared to men. Alternatively, the neuroendocrine response in female
rodents may simply be different than it is in women. Even if this is the case, the elevated
glucocorticoids found in female relative to male rats appear analogous to the hormonal
conditions found in depressed women (i.e., increased basal and stress-induced
glucocorticoid release compared to depressed men). Thus, exploring the molecular
mechanisms underlying this sex difference in rodents could prove to be clinically relevant.
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Given that the HPA axis is regulated by a complex interplay of neural and peripheral tissues,
there are many sites at which sex differences can occur. The pituitary response to CRF, for
example, is greater in female than male rats, much like what is observed in humans [71; 88;
113]. At the level of the adrenals, estradiol, the major female estrogen, can enhance ACTH
sensitivity, an effect that could contribute to greater corticosterone release in female
compared to male rodents [121]. Sex differences also occur centrally that can alter the
neuroendocrine response to stress. As noted, both CRF and vasopressin stimulate ACTH
release. CRF expression in the PVN is often found to be higher in females than in male
rodents [109; 114; 122] but see [123]. This effect is regulated by gonadal hormones, because
proestrus levels of ovarian hormones enhance CRF expression, while androgens suppress
CRF expression [114; 124; 125; 126]. Vasopressin expression in the PVN is also affected by
gonadal hormones. Following stress, vasopressin expression is increased by treatment with
estradiol but decreased by testosterone treatment [125; 127]. When taken together, these
studies reveal sex differences throughout the HPA axis (Fig. 2). These sex differences are
established, at least in part, by gonadal hormones. Thus, it is not surprising that both
androgen and estrogen receptors are found in the PVN, pituitary, and adrenal glands [128;
129; 130; 131; 132; 133; 134; 135]. Exactly how these hormones modulate hypothalamic,
pituitary, and adrenal activity remains largely unknown. However, direct regulation of
vasopressin and CRF gene expression by estrogen is possible because promoter regions on
both genes have estrogen responsive elements [136; 137]. The CRF promoter also has an
androgen responsive element, which implicates testosterone in the regulation of CRF [138].

2.4 Sex differences in glucocorticoid negative feedback in preclinical models

In addition to the sex differences that can potentiate corticosterone release in females, there
are also sex differences in glucocorticoid negative feedback in rats (Fig. 2). Studies
investigating the time course of stress-induced corticosterone release have revealed that it
takes longer for corticosterone to return to baseline levels in female than male rats,
suggesting slower feedback in females [108; 110; 115]. Estrogen mediates this effect
because replacement with estradiol prolongs stress-induced corticosterone release and
impairs dexamethasone suppression [119; 139; 140]. Glucocorticoid negative feedback is
primarily mediated by GRs [35; 38; 41; 141]. Therefore, decreased GR expression in
females compared to males could explain their slower feedback. Evidence for fewer GRs in
females derives from studies showing that hypothalamic glucocorticoid binding and
pituitary GRs are lower in female compared to male rats [142; 143]. Consistent with its role
in modulating feedback, estrogen treatment downregulates GR expression in the
hippocampus, hypothalamus, and pituitary [142; 144]. Therefore, slower glucocorticoid
negative feedback in females may result from an estrogen-induced reduction of GR
expression in the brain and pituitary. Another mechanism that can establish sex differences
in glucocorticoid negative feedback involves GR translocation, the process by which GRs
move from the cytosol to the nucleus to repress the transcription of genes (e.g., the CRF
gene) to terminate the neuroendocrine response to stress [40; 43; 44]. During translocation,
GRs are shuttled by co-chaperone proteins that either promote or inhibit their movement into
the nucleus. Bourke et al. (2003) found that chronic stressor exposure during adolescence
upregulates co-chaperones that inhibit GR translocation and impairs glucocorticoid negative
feedback in female but not male rats [145]. This study highlights how sex specific molecular
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regulation of receptors can affect the neuroendocrine response to stress. Finally, other
mechanisms that do not involve GRs also may differentially affect feedback in males and
females. For example, estrogen purportedly reduces GABAergic inhibition of the PVN, an
effect that could translate into reduced feedback in females [140]. The aforementioned
findings were conducted by different groups using a variety of stress and endocrine
manipulations, so the different mechanisms (e.g., GR expression, GR translocation, and
GABAergic inhibition) were independently identified, but it is possible that all of these sex
differences operate collectively to prolong the corticosterone release following stressor
exposure in female rats.

Dysergulation of the neuroendocrine response to stress is probably the most studied factor
implicated in the pathophysiological of PTSD and depression. This is, in part, because stress
is an important etiological contributor to these disorders, and, in part, because cortisol levels
are easily assessed using non-invasive techniques (e.g., saliva or urine collection) in
humans. This focus on the peripheral levels of hormones involved in the HPA axis has
revealed sex differences in cortisol in both PTSD and depression. However, clearly more
work is needed to identify the central mechanisms that contribute these sex differences in
humans. Perhaps when new technologies, such as positron emission tomography ligands to
noninvasively study glucocorticoid receptors are developed [146], they will reveal
underlying sex differences that help explain the female bias in these disorders. Until then,
we must rely on preclinical data. The reviewed rodent studies suggest sex differences in a
variety of molecular mechanisms, from receptor translocation to peptide expression, that can
both potentiate stress-induced glucocorticoid release and slow negative feedback in female
compared to male rats. Given the link between chronic stress, high glucocorticoid levels,
and depression, if these mechanisms are confirmed in humans, they would help explain
female vulnerability to this disease.

3. Sex differences in negative valence

3.1 Sex differences in the circuitry activated by stimuli with a negative valence

Stressful events not only initiate hormonal responses but they also trigger negative emotions,
such as fear and anxiety. Typically these emotions activate adaptive cognitive and
behavioral responses aimed at coping with the stressor [147; 148]. However, overactivation
or dysregulation of these negative emotions increases susceptibility to stress-related
psychiatric disorders [149; 150]. Anecdotally, it is often remarked that women are more
emotional than men. Although this is overstated by the lay community, there is scientific
evidence that women experience emotions, particularly those with a negative valence (e.g.,
fear, anger, sadness), with greater intensity than men [151; 152; 153]. Additionally, women
often engage in emotion-focused coping strategies and report higher negative affect than
men, characteristics that are predictive of anxiety and depressive symptoms [154; 155; 156].
Thus, some researchers have attributed sex differences in the rates of stress-related disorders
to sex differences in emotional responses to stress [157; 158].

Sex differences in emotional reactivity may stem from sex differences in the neural circuits
underlying emotional expression. The brain regions that respond to emotional stimuli with a
negative valence include, among other areas, corticolimbic circuitry comprised of the
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amygdala, prefrontal cortex, and hippocampus [159; 160; 161; 162]. Several functional
neuroimaging studies have identified sex differences in the magnitude of corticolimbic
responses to emotional stimuli. For example, aversive stimuli and fear conditioning
increased activity in the amygdala and certain cortical regions more in women than men
[163; 164]. A recent meta-analysis similarly revealed that, compared to men, negative
emotions in women elicit greater activation in regions including the left amygdala, anterior
cingulate, and medial prefrontal cortex [165]. Additionally, women have greater
hippocampal activation than men when encoding emotional words [166]. Together these
studies reveal greater activation of corticolimbic circuits in women than men to negatively
valenced emotional stimuli. Other studies have demonstrated that certain emotional stimuli
engage different circuits in men and women. Negatively valenced words, for example,
activated the left perirhinal cortex and hippocampus in women, but the right supramarginal
gyrus in men [167]. Still other lines of work reveal that, in some cases, emotional stimuli
activate the same structure in men and women, but the degree of this activation is
distinguished by lateralization. Specifically, Cahill and others have demonstrated that
memory tasks involving emotionally provocative stimuli activate the left amygdala in
women but the right amygdala in men [168; 169; 170; 171]. When taken together, these
findings suggest sex differences in brain activity in response to negative emotions. However,
it is clear from the aforementioned studies that not all negatively valenced stimuli elicit the
same pattern of sexually differentiated brain activation. These disparate results are likely
attributable to differences in the type of negative stimuli used or other characteristics of the
participants (e.g., participant age, hormonal status, etc.).

3.2 Sex differences in the corticolimbic circuitry in depression and PTSD

Because negatively valenced stimuli differentially activate corticolimbic circuitry more in in
women than in men, traumatic events or chronic stressor exposure could have a greater
impact on the female brain, perhaps by initiating a neuroplasticity that increases female
vulnerability to stress-related psychiatric disorders. While subtle changes in neuronal
plasticity (e.g., alteration in dendritic arborizations) are currently impossible to image in
humans, large scale volumetric changes in the hippocampus, amygdala, and cortex can be
observed, and some sex differences in these regions have been reported in patients with
stress-related psychiatric disorders. One of the most reliably reported structural changes in
psychiatry is the reduced hippocampal size observed in depression [172; 173; 174].
Although there is no sex difference in the overall hippocampal volume of depressed patients
[175], women that fail to respond to antidepressant medications have smaller hippocampi
than women that respond to treatment, an effect not observed in men [176]. Additionally, a
recent paper found that depressed men have abnormities in prefrontal-striatal circuits, but
women have abnormities in prefrontal-limbic circuits, which, as noted, processes negative
emotions [177]. Volumetric changes in corticolimbic circuits have also been assessed in
patients with PTSD, but structural sex differences have not observed [178; 179].

Although widespread sex differences in corticolimbic structure are not reported in all stress-
related disorders, the volumetric reductions that have been observed in some women do
suggest greater alterations in their underlying circuitry. However, because the vast majority
of imaging studies employ cross-sectional designs, it is difficult to determine the causal
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relationship between structural sex differences and disease prevalence. If, for example,
volumetric reductions occur in women following disease onset, it would indicate that stress-
related psychiatric disorders result in greater corticolimbic remodeling of the female brain.
Alternatively, if these sex differences precede the onset of depression and PTSD, then this
would suggest that these preexisting factors can increase female vulnerability to these
diseases. Although determining causality is difficult, studies of one group of monozygotic
twins discordant for combat exposure revealed that a smaller hippocampus was a risk factor
for developing PTSD, while reduced gray matter density in pregenual anterior cingulate
cortex occurred as a result of the disorder [180; 181]. However, this cohort only included
males, so these results do not address whether sex differences in corticolimbic circuitry
predict sex difference in disease incidence. Because causality is difficult to determine in
clinical populations, scientists have turned to preclinical models to begin to address the
nature of these relationships, as well as to investigate cellular sex differences that cannot be
evaluated with current approaches in humans.

3.3 Sex differences in neuronal morphology

Non-human animal models investigating sex differences in corticolimbic circuitry typically
focus on identifying sex differences in neuronal morphology rather than evaluating
volumetric modifications. The most studied morphological changes include alterations in
dendritic branches and spines, small protrusions on branches that are the site of excitatory
synapses. Higher numbers of branches and spines translate into increased connectivity
between neurons, thus these morphological changes are thought to be functionally relevant
(for review see [182; 183; 184; 185]). Branches and spines are dynamically regulated in an
activity-dependent manner [186; 187; 188]. Changes in the environment can rapidly, within
an hour, alter spine density [186]. Yet modifications of spines and branches can persist for
weeks and, in some cases, even throughout the lifetime of the animal [189; 190].

The majority of studies investigating neuronal morphology use only male subjects.
However, when females are included, sex differences in spine density and dendritic
morphology in corticolimbic regions have been observed [191; 192; 193]. The seminal work
of Gould and Woolley sparked interest in spine alterations in the hippocampus, when they
demonstrated that proestrous levels of estrogen increased the density of spines on apical
dendrites of pyramidal neurons in the CA1 region in the female rat [194; 195]. Given that
males lack high circulating estrogen levels, it is not surprising that the spine density of male
rats is lower relative to that of females in proestrus [192]. The morphology of neurons in the
amygdala and prefrontal cortex is also sexually differentiated. Compared to female rats,
males have longer dendrites and denser spines on neurons in the left posterodorsal
subnucleus of the medial amygdala and basolateral nucleus of the amygdala, respectively
[196; 197]. Male prefrontal cortical neurons also have more branches than those of females
[193]. Despite the fact that these studies clearly demonstrate morphological sex differences
throughout corticolimbic circuits, the functional significance of these sex differences remain
unknown. It has been proposed that sex differences in hippocampal dendritic spine density
underlie sex differences in the modulation of learning, while sex differences in the medial
amygdala establish sex-specific social behaviors, but no studies have causally established
these relationships [197; 198]. Nevertheless, given that a dysregulation of corticolimbic
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circuits is observed in sex biased stress-related disorders, the possibility remains that these
cellular sex differences predispose females to stressful events, an idea that clearly warrants
further investigation.

3.4 Stress-induced sex differences in neuronal morphology in preclinical models

The relationship between stress, psychiatric disorders, and corticolimbic circuitry has
prompted many investigators to evaluate stress-induced modifications of neuronal
morphology in the hippocampus, amygdala, and cortex in rodent models. Disappointingly,
few of these studies include females. For example, chronic stress induces hypertrophy of
dendrites in the amygdala in males, an effect thought to be relevant to enhanced
emotionality [190; 199]. Surprisingly however, this has not been investigated in females
[200]. Fortunately, several studies have examined stress-induced alterations in neuronal
morphology in the prefrontal cortex and hippocampus in both males and females. As
detailed below, these studies identified cellular sex differences that may be relevant for
understanding sex differences in the etiology of certain psychiatric disorders.

Sex differences in the remodeling of dendrites in the prefrontal cortex are observed
following chronic stress. Specifically, Garret and Wellman (2009) demonstrated that chronic
stress induces dendritic atrophy of neurons in the medial prefrontal cortex in male rats.
However, exposure to the same chronic stressor in female rats results in the opposite effect
(i.e., stress induces dendritic hypertrophy of female cortical neurons). These stress-induced
morphological sex differences are modulated by ovarian hormones, as they are not observed
in ovariectomized female rats [193]. Because the prefrontal cortex regulates fear and anxiety
via its interconnections with the amygdala, investigating sex differences within this circuit
may be clinically relevant [201; 202]. Thus, Shansky and colleagues (2009, 2010) compared
the morphology of prefrontal neurons that project to the basolateral amygdala to those that
project elsewhere [203; 204]. In males, the cortical neurons that project to the basolateral
amygdala are spared from the dendritic retraction induced by chronic stress [203]. In
contrast, it is precisely these basolateral amygdala projecting neurons that have longer and
more complex dendrites in stressed females that are ovariectomized with estradiol
replacement compared to their ovariectomized counterparts that were not treated with
estradiol and unstressed controls [204]. Although males and females were not directly
compared in these studies, these data do suggest that chronic stress induces circuit-specific
sex differences. It is unclear exactly how these morphological sex differences translate into
sex differences in responses to negatively valenced stimuli, because these modifications
have yet to be linked to behavioral endpoints. However, it has been hypothesized that the
retraction of dendrites observed in males following chronic stressor exposure may be a
compensatory response aimed at protecting their neurons from overactivation [205]. If
supported by future studies, this would indicate that female neurons, which instead sprout
dendrites in response to stress, would be more vulnerable to overactivation and perhaps
excitotoxicity.

Neurons in hippocampus are also sensitive to the effects of stress. Chronic stress induces
retraction of dendrites in the CA3 region of the hippocampus in male rats [206; 207].
Exposure of males to the same chronic stressor also impairs spatial learning, which requires
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an intact hippocampus [208; 209; 210; 211]. Pharmacological manipulations that prevent the
stress-induced dendritic retraction in males also prevent stress-induced spatial learning
deficits [212; 213; 214]. Therefore, it has been proposed that the disruptions in spatial
learning following stress are the result of dendritic remodeling [212; 215]. Interestingly,
these effects are not observed in female rats [206]. Specifically, chronic stressor exposure in
female rats induces either a mild dendritic retraction in CA3 or has no effect on dendritic
morphology [206; 216]. Spatial learning in females also is unaffected, or in some cases
improved, by chronic stress [216; 217; 218]. These studies highlight the fact that females are
not always more adversely impacted by stress, but rather that stress affects males and
females differently. It is these differential effects of stress that likely contribute to sex biases
in many disorders, including those that occur more frequently in males.

In addition to the aforementioned effects of chronic stress on the hippocampus, acute
stressor exposure also can modify hippocampal neurons. For example, Shors and colleagues
(2001) demonstrated that exposure to an acute stressor (30 min restraint plus periodic tail
shock) alters the density of dendritic spines on hippocampal neurons in a sex-specific
manner [192]. Specifically, acute stress increases the density of spines on apical dendrites of
pyramidal neurons within the CA1 region in male rats. Conversely, in female rats, acute
stress decreases spine density within the same area. These spine changes correlate with sex
differences in a classical eyeblink conditioning task, with the same acute stressor that
modifies spines enhancing learning on this task in male rats, but impairing learning in
female rats [219; 220]. Although it has yet to be determined whether sex differences in spine
density directly cause sex differences in conditioning, both effects are organized by the
perinatal testosterone surge and require NMDA receptors, suggesting that there is a common
underlying mechanism [183; 221; 222; 223; 224].

The reviewed results indicate that the hippocampus, amygdala, and cortex contain sexually
differentiated dendritic morphology and/or spine density. These morphological differences
likely result from sex differences in intracellular signaling events that induce cytoskeletal
remodeling. Although the precise signaling mechanisms responsible for morphological sex
differences remain largely unknown, many studies have linked cellular remodeling to
circulating estrogen in females and to glucocorticoids in males. In females, estradiol
treatment is thought to increase spines in the hippocampus via activation of a signaling
pathway involving RhoA, LIM kinase, and cofilin, although other signaling molecules (e.g.,
Akt) may also play a role [225; 226; 227]. The signaling pathways underlying estrogen
modulation of morphology in other regions are yet to be determined. In males,
glucocorticoids critically mediate stress-induced dendritic retraction in the hippocampus and
prefrontal cortex [228; 229]. In addition to glucocorticoids, neurotransmitters including
glutamate, dopamine, and serotonin also have been implicated in dendritic remodeling in
males [229; 230; 231; 232; 233]. Although the downstream cellular events initiated by
glucocorticoids and neurotransmitters that underlie stress-induced plasticity in males remain
to be determined, the wide variety of hormones and neurotransmitters identified thus far
suggest that multiple intracellular mechanisms can lead to morphological alterations.

It is clear from the reviewed clinical and preclinical studies that sex differences in
corticolimbic circuits occur from the cellular to the systems level. However, more research
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is needed to integrate these levels of analysis to truly understand how cellular sex
differences in the hippocampus, amygdala, and cortex translate into sex differences in brain
structure and function in patient populations. In preclinical studies, for example, tools to
induce morphological changes should be developed and employed to determine whether sex
differences in morphology actually cause sex differences in stress reactivity or anxiety-
related behavior. In the clinic, a prospective study tracking whether greater feminization of
corticolimbic responses to emotional stimuli predict disease onset would reveal whether
known neuronal sex differences in healthy subjects are actually risk factors for disorders,
such as depression and PTSD. Despite the fact that future studies should employ a more
integrative approach, based on the existing data one can posit that molecular sex differences
can lead to increased corticolimbic activation to negatively valenced stimuli present during
stressor exposure in females. This effect would in turn increase female vulnerability for
developing stress-related psychiatric disorders.

4. Sex differences in hyperarousal

4.1 Sex differences in the hyperarousal symptoms of depression and PTSD

A core feature of stress-related psychiatric disorders is hyperarousal, a maladaptive state that
leads to agitation, restlessness, lack of concentration, and cognitive disruptions.
Interestingly, sex differences in hyperarousal have been identified. For example, heightened
arousal defines one of the symptom clusters of PTSD, and these hyperarousal symptoms are
often more pronounced in women than men [234; 235; 236]. In both PTSD and depression,
female patients typically report more sleep disruptions than men, an effect thought to reflect
high levels of arousal [237; 238; 239; 240; 241] but see [242]. Additionally, depressed
women ruminate (i.e., have recurrent negative thoughts) more than men [243; 244]. These
ruminations predict depressive symptoms and are associated with heightened arousal [245;
246; 247; 248; 249]. These reported sex differences in hyperarousal most likely stem from
sex differences in brain arousal centers.

The brain system thought to mediate the hyperarousal observed in patients with stress-
related psychiatric disorders is the locus coeruleus (LC)-norepinephrine system [91; 250;
251; 252; 253; 254]. The LC is a compact pontine nucleus that provides norepinephrine
throughout the brain via its widespread projection system [255]. The LC innervates all levels
of the neuroaxis. It the primary source of norepinephrine for the forebrain and the sole
source for the hippocampus and cortex[256]. Typically activation of this system releases
moderate amounts of norepinephrine to coordinate arousal, attention, and vigilance [257;
258; 259]. However, overactivation of the LC system leads to excessive norepinephrine
release, an effect that can result in hyperarousal [260; 261]. Because hyperarousal
characterizes symptoms of PTSD and depression, it is not surprising that high concentrations
of norepinephrine in the cerebrospinal fluid are reported in patients with these disorders [91;
262; 263]. Cerebrospinal fluid levels are thought to reflect central not peripheral
norepinephrine release, so these results indicate a hypernoradrenergic state within the brains
of some patients [91]. Sex differences in cerebrospinal fluid levels of norepinephrine have
not been specifically investigated. However, if evidence of greater central hypersecretion of
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norepinephrine was found in women than men, this effect could account for their prominent
hyperarousal symptoms.

4.2 Sex differences in locus coeruleus structure

Several preclinical studies have evaluated sex differences in the LC-norepinephrine system.
For example, on a structural level, the LC is comprised of more neurons in female than male
rats of the Wistar strain, however this does not appear to be the case for all rat strains [264;
265; 266]. In addition to neuron number, sex differences in LC dendritic morphology have
been identified. Specifically the dendrites of LC neurons are longer and more complex (i.e.,
have more branches and ends) in female rats and mice compared to their male counterparts
[267; 268]. Although LC neurons do not have spines, synapse density can be gauged using
immunoreactivity for synaptophysin, a synaptic vesicle protein. This approach revealed that
the pericoerulear regions (peri-LC) into which LC dendrites extend had denser
synaptophysin labeling in female than male rats, suggesting that the dendrites in females
receive greater synaptic input [268]. These sex differences in dendritic morphology could
bias the type of afferent information that the LC receives in females, because there is a
topographical pattern of LC afferents, such that some terminate near the nucleus, while
others terminate on dendrites that extend for hundreds of microns into the peri-LC region
[269]. The shorter dendrites of males would still be able to easily receive inputs that
terminate in the nuclear LC, such as those the project from the nucleus paragigantoceullaris,
the nucleus prepositus hypoglossi, and Barrington’s nucleus [269; 270; 271]. However, the
longer and more complex dendrites of females would likely make more connections with
axons that terminate in the peri-LC regions (Fig. 3). The peri-LC region receives CRF
innervation from the PVN and input from limbic regions, including the central nucleus of
the amygdala and bed nucleus of the stria terminalis [272; 273]. Thus, compared to males,
the LC of female rodents appears to be poised to receive and process more emotion-related
information. This structure could support greater arousal responses to emotional stimuli
present during stressor exposure in females.

4.3 Sex differences in the modulation of the locus coeruleus by stress

The LC arousal system was first linked to arousal and vigilance based on the
electrophysiological properties of LC neurons. These neurons have two modes of firing:
tonic and phasic. Switching between tonic and phasic modes of firing is thought to facilitate
shifts in arousal and attention that can help the organism respond to a changing environment.
Tonic firing is positively correlated with EEG and behavioral measures of arousal and is
associated with scanning the environment, cognitive flexibility, and liable attention [257;
258; 274; 275]. In contrast, phasic firing, which is synchronized in response to sensory
stimuli, is associated with focusing attention toward discrete stimuli [275; 276; 277].

Given that the electrophysiological properties of LC neurons mediate different states of
arousal and that hyperarousal symptoms are more prominent in some women, sex
differences in LC neuronal physiology were evaluated [278]. On most physiological
measures, male and female neurons are comparable. However, LC neuronal responses were
distinguished by stress. Hypotensive stress causes a moderate increase in tonic firing in male
rats [278; 279]. In females, though, exposure to the same stressor causes a large increase in
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LC neuronal firing, such that their neurons fired much faster than those of stressed males
[278]. This enhanced neuronal sensitivity to stress in females suggests sex differences in the
mechanisms underlying stress activation of LC neurons.

Studies conducted in male rats have determined that stress activates LC neurons via CRF.
This link is based, in part, on the fact that local infusions of CRF into the LC increase tonic
firing and reduce phasic firing to sensory stimuli, thereby mimicking the
electrophysiological effects of stress [280; 281]. Stress also alters downstream endpoints of
LC activation, such as heightened EEG and cortical norepinephrine release, via CRF-
dependent mechanisms [282; 283; 284]. Moreover, effects of hypotensive stress on LC
physiology are blocked by CRF receptor antagonism [285; 286; 287]. Collectively, these
findings suggest that stressor exposure causes CRF to be released into the LC, which shifts
the physiological properties of LC neurons into a high tonic-low phasic mode that alters
arousal and attention by increasing norepinephrine release in target regions. In response to
acute or moderate stressors, the increase in tonic activation is thought to be adaptive as it
promotes scanning the environment for danger and increasing cognitive flexibility. Indeed,
male rats given moderate amounts of CRF into the LC performed better on the attentional
set shifting task of cognitive flexibility than their vehicle infused counterparts [288].
However, if this system was activated inappropriately or persistently, it could lead to a high
arousal state that would disrupt focused attention and eventually become maladaptive.

Because the effects of stress on LC neuronal physiology are mediated by CRF, the finding
that LC neurons of females are more responsive to hypotensive stress than those of males
could be explained by sex differences in CRF sensitivity. In support of this idea, when sex
differences in LC neuronal firing following local infusions of CRF were assessed, it was
determined that the CRF dose response curve for LC activation is shifted to the left in
female compared to male rats [278]. In other words, a dose of CRF that failed to activate
neurons in males causes a significant increase in tonic firing in females. It should be noted
that these effects are not mediated by adult hormonal status in females, suggesting other
mechanisms drive this sexual difference [278]. These data confirm that female LC neurons
are more sensitive to CRF. Thus, stressful events could more easily shift LC neuronal firing
into a high tonic mode in females, thereby heightening arousal and disrupting focused
attention.

Sex differences in CRF modulation of LC neurons are also observed in rats with a history of
stress [278]. In male rats, it has been demonstrated that footshock or swim stress given 24 h
prior to CRF administration produces a complex change in the CRF dose—response curve for
LC activation, such that the linear portion of the curve is shifted to the left (indicative of
sensitization), while the maximum is decreased relative to that of unstressed males [278;
289; 290]. Interestingly, the effect of prior stress is not observed in females, as their CRF-
dose response curve is similar to that of unstressed females, perhaps because unstressed
females are already at ceiling levels of CRF activation [278]. Taken together these
electrophysiological studies reveal a complex pattern of CRF modulation of LC neurons that
is sex specific.
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4.4 Sex differences in the CRF; receptor coupling and signaling

Sex differences in LC physiology are linked to sex differences in the CRF; receptor, which
mediates the effects of CRF on LC neurons [291; 292]. CRF receptors are members of the
B1 group of the G protein-coupled receptor (GPCR) superfamily, and as such, CRF
receptors bind/couple to the GTP-binding proteins [100; 293]. The CRF4 receptor
preferentially couples to Gs, so when it is activated, the CRF; receptor signals though the
cyclic adenosine monophosphate (CAMP) and protein kinase A (PKA) second messenger
cascade [294; 295]. This signaling pathway mediates the activation of LC neurons by CRF,
purportedly by phosphorylating potassium channels [291]. Given that CRF activation of
cAMP signaling drives LC firing, it was not surprising that increased LC neuronal responses
to CRF observed in unstressed females are attributable to their greater CAMP signaling
[296]. Specifically, local infusion of a cAMP antagonist into the LC revealed that, while
only about 50% of LC response to CRF is CAMP mediated in unstressed males, nearly all of
the LC response to CRF is cAMP mediated in unstressed females.

Sex differences in cCAMP-PKA signaling are thought to be mediated by sex differences in Gs
association with the CRF; receptor [296]. Specifically, immunoprecipitation of the CRF;
receptor from cortical tissue—which was used because of the high levels of CRF; protein
required for this technique—revealed that more Gs protein was pulled down with the CRF
receptor in female than male rats. This indicated greater CRF1-Gs coupling in females than
in males (Fig. 3). This increased coupling was observed in females, regardless of adult
hormonal status. Following swim stress, CRF1—Gs coupling increased in males to a level
similar to that observed in females, but stress did not alter coupling in females [296]. The
sex differences in cortical CRF1—Gs coupling mirrored sex differences in LC
electrophysiology. These data suggest that greater CRF4 receptor binding to Gs in females
facilitates greater CAMP signaling, resulting in increased LC firing relative to unstressed
males. Notably, these were the first studies to link sex differences in physiology to sex
differences in the coupling and signaling of a stress-related receptor.

4.5 Sex differences in the CRF, receptor trafficking

Sex differences in LC-mediated arousal are also linked to sex differences in CRF; receptor
internalization [296]. Like most G-protein coupled receptors, CRFq receptors are thought to
desensitize and internalize in response to excessive ligand or agonist binding. This process is
initiated when G-protein-coupled receptor kinase 3 phosphorylates the receptor, thereby
recruiting the Parrestin2 protein [297; 298]. Barrestin2 then traffics the receptor from the
membrane into clathrin-coated pits for endocytosis [100; 297; 299]. These internalized
receptors are ultimately recycled back to the membrane or degraded. This standard model of
CRF receptor internalization appears to accurately reflect what happens in male rats.
Immunoelectron microscopy studies revealed a higher proportion of cytosolic receptors in
male rats exposed to either a local infusion of CRF or swim stress than in controls,
indicating that these manipulations induce CRF; receptor internalization [300; 301].
However, exposure to the same swim stressor in females fails to induce internalization
[296]. In fact, there are a greater proportion of CRF4 receptors on the plasma membrane of
LC neurons in stressed than unstressed females, suggesting that stress induces trafficking in
the opposite direction in females than it does in male rats (Fig. 3). These reported sex
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differences in internalization may result from sex differences in CRFq receptor association
with Barrestin2. An immunoprecipitation study of rat cortical tissue revealed that swim
stress increases Parrestin2 association with the CRF; receptor in male, but not female rats
[296]. If this also occurs in the LC, it would explain a lack of receptor internalization in
females.

Receptor internalization is thought to be a compensatory mechanism aimed at attenuating
neuronal responding under conditions of excessive ligand release [302; 303; 304].
Therefore, the lack of CRF4 receptor internalization in females could make them more
vulnerable to hyperarousal under conditions of CRF hypersecretion, as can occur in chronic
stress, PTSD, and depression. To test sex differences in the electrophysiological properties
of LC neurons under conditions of CRF hypersecretion, CRF overexpressing mice were
used and their physiology was compared to that of wild type animals [267]. LC neurons of
male and female wild type mice are comparable on most measures, much like what was
observed in unstressed rats [267; 278]. In female CRF overexpressing mice, however, LC
neurons fire roughly 3 times faster than wild type controls. This result was not surprising
because CRF activates LC neurons and these mice overexpress CRF. However, it was
surprising to find that the tonic firing of LC neurons in male CRF overexpressing mice is
similar to that of wild type animals [267]. This suggested that a compensatory mechanism in
male CRF overexpressing mice keeps their firing at normal levels. Male and female
overexpressing mice have similarly high levels of CRF expression in the LC (much higher
than wild type animals), so sex differences in physiology are not attributable sex differences
in CRF expression [267]. Instead, these sex differences are associated with sex differences
in CRF4 receptor internalization. Specifically, an immunoelectron microscopy study
revealed a high proportion of CRF; receptors in the cytosol of male CRF overexpressing
mice, but a high proportion of receptors on the plasma membrane of female CRF
overexpressing mice [267]. Thus, CRF1 receptors internalize in male, but not female CRF
overexpressing mice. This pattern mirrored what was observed in stressed rats [267; 296].
These sex differences in CRF; receptor internalization explain the sex differences in LC
physiology observed in CRF overexpressing mice. Unlike male CRF overexpressing mice
that likely normalize their firing via internalization, female CRF overexpressing lack
internalization and thus their LC neurons can be continually activated by CRF. This effect
would likely lead to a state of heightened arousal in female CRF overexpressing mice.

Together, this body of literature suggests that the CRF; receptor is very different with
respect to the way it binds proteins in males and females. The preferential coupling of the
female CRF4 receptor to Gs leads to more activation of the cCAMP-PKA signaling cascade,
while the preferentially binding of the male CRF; receptor to Barrestin2 is linked to
increased internalization. It is important to note that these sexually distinct protein
interactions may have even broader implications. farrestin proteins are not only critical for
receptor internalization, but their activation can initiate signaling cascades, including
mitogen-activated protein kinases (e.g., ERK2, JNK3, and p38), tyrosine kinases (e.g., c-
SRC, Hck), and small GTPases (e.g., RhoA) (for review see [305; 306; 307; 308]). These
data have led us to hypothesize that the signaling of the CRF1 receptor is sex biased, such
that it signals more through Barrestin mediated pathways in males and Gs mediated
pathways in females [309; 310; 311]. Given that Gs and Parrestin typically activate distinct
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signaling cascades, activation of the CRFy receptor would lead to different downstream
cellular events in males compared to females. Thus, this sex biased signaling could translate
into sex specific responses to stress. In females, the link between Gs biased signaling of the
CRF; receptors and hyperarousal can potentially predispose them to stress-related
psychiatric disorders. However, it is important to note the male biased parrestin signaling of
CRF receptors, could underlie stress-related disorders that are more prevalent in man. Thus,
sex biased signaling may be an important determinant of sex differences in disease
vulnerability.

5. Interactions between neuroendocrine, corticolimbic, and noradrenergic
arousal systems

It is clear that PTSD and depression share a common pathophysiology which includes
dysregulation of the HPA axis, corticolimbic circuits, and arousal centers. Sex differences
from the molecular to the systems level that occur within these circuits can increase
vulnerability to these disorders and exacerbate their presentation in females. It is possible
that symptoms of stress-related psychiatric disorders in some women are attributable only to
sex differences within one circuit. For example, sex differences in amygdala activation to
negatively valenced stimuli may increase emotional responses to stress and drive depressive
symptoms in women. However, another possibility is that these sex differences work in
concert to increase pathology in women. This scenario is possible because the
hypothalamus, hippocampus, amygdala, prefrontal cortex, and locus coeruleus are
interconnected and can influence one another. Thus, perturbations in one circuit could, in
turn, perturb another circuit. For example, greater emotional arousal in females could result
from the combined effects of sex differences in amygdala activation and sex differences in
LC dendritic morphology. Because negatively valenced emotional stimuli cause greater
activation of the amygdala in females, a stimulus that is subthreshold for amygdala
activation in males could have an effect in females. Even this small increase in amygdala
activation in females could lead to greater emotional arousal because their amygdala
response would be amplified by their greater amygdala-LC connectivity. Thus, in response
to traumatic events that trigger extreme emotional reactions, this combination of sex
differences would increase the likelihood that females would shift into the dysregulated state
of hyperarousal. Taken together then, the pervasive sex differences in stress response
systems have the potential to create multiple substrates that can, via independent or
synergistic action, contribute to the higher rates of depression and PTSD in women.

6. The role of gonadal hormones and sex chromosome compliment in
PTSD and depression

Sex differences in the brain are typically established by activational effects of gonadal
steroid hormones, organizational effects of gonadal steroids, or sex chromosome effects
[312; 313; 314; 315]. Activational effects of hormones occur when circulating gonadal
hormones act on brain structures to alter behavior. These activational effects disappear when
the circulating hormones are removed. In contrast, organizational effects of hormones occur
when gonadal hormone surges early in development (e.g., prenatal) or later in development

Front Neuroendocrinol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Bangasser and Valentino Page 18

(e.g., puberty) permanently alter brain structures [313; 314; 315; 316]. In addition to
hormonal effects, sex differences in the brain can also be established by the different
complement of sex chromosome genes present on XX (genetically female) versus XY
(genetically male) chromosome pairs. For the majority of studies discussed in this review,
the way in which sex differences arise remains unknown. However, as detailed below, there
is some evidence that all three mechanisms can contribute to sexual differentiation of the
circuitry that mediates stress-related psychiatric disorders, at least in preclinical models.

Epidemiological data support a role for ovarian hormones in depression. The increased rates
of depression in women compared to men emerge following puberty (when ovarian
hormone circulation increases) and remain high until menopause (when levels of ovarian
hormones drop), which suggests that activational effects of ovarian hormones may be
critical [17; 18; 317]. However, it is not simply that high levels of ovarian hormones are a
risk factor for depression because in some women depressive symptoms are precipitated by
a drop in estrogen, as can occur during the luteal phase of the menstrual cycle, the
postpartum period, or menopause [318; 319; 320; 321]. It has therefore been proposed that
sudden changes in estrogen can trigger depression [321; 322; 323]. There is evidence that
the depressive symptoms induced by the decreased estrogen levels associated with
menopause can be ameliorated by estrogen treatment, again indicating that this effect is
activational in nature [324; 325]. In addition to its role in depression, estrogen also has been
linked to PTSD. In particular, low estrogen levels are thought to increase vulnerability to
PTSD in women with a history of trauma exposure [326]. This result suggests the exciting
possibility that estrogen replacement therapy could ameliorate PTSD symptoms in these
women. If true, this would suggest an activational role for estrogen in PTSD as well. As
previously detailed, activational effects of estrogen can alter levels of stress-related
neuropeptides and neuronal morphology within stress circuits in preclinical studies [136;
137; 192; 204]. Thus, if these findings hold true in humans, activational effects of estrogen
on neuropeptides and morphology could contribute to the sex bias in depression and PTSD.

Circulating estrogen is not the only hormonal factor that can contribute to sexual
differentiation. As noted, testosterone can regulate CRF expression, so the role of circulating
androgens in masculinizing the stress response should also be considered [138]. In addition,
the perinatal surge of testosterone that leads to brain masculinization in males also appears
critical. This surge establishes sex differences in stress effects on dendritic spines in the
hippocampus and classical conditioning observed in adult rats, and likely has other similarly
striking effects on stress response circuitry [223; 224; 327]. In addition to organizational
effects of early testosterone in males, the pubertal surge of gonadal hormones in both males
and females can organize certain sexually dimorphic behaviors [314; 316]. Thus, it is
conceivable that some sex differences in stress systems occur as a result of puberty. Because
sex differences in CRF4 receptor function are unaffected by circulating hormones, it is likely
that this particular mechanism is established by organizational effects of gonadal hormones.

As noted, an alternative possibility to gonadal hormone driven sexual differentiation is that
genes on the sex chromosomes themselves differentially influence stress responses in males
versus females. Although this possibility is, at this point in time, underexplored, sex
chromosome complement independent of gonadal steroid exposure has been shown to
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contribute to sex differences in certain anxiety-related behavior in mice in one paper [328].
It is still unclear exactly how genes on these chromosomes result in changes in anxiety, but
this study does underscore that sex chromosome complement should also be considered
when trying to elucidate sex and stress interactions.

7. Implications for treatment

Investigating sex differences in the mechanisms that contribute to the sex bias in stress-
related psychiatric disease is not only important for understanding disease vulnerability, but
it is also critical for developing better treatments for these disorders. Developing new
treatments for PTSD and depression is vital, because a large portion of patients with these
disorders are treatment-resistant [329; 330]. The preclinical data reviewed here reveal
several potential targets for new pharmacotherapies with greater specificity for females. For
example, a reduction in glucocorticoid levels could be achieved by targeting co-chaperones
that facilitate GR translocation. If developed, these compounds could facilitate
glucocorticoid negative feedback, thereby normalizing the high levels of cortisol that are
prominent in depressed women. The data suggesting a sex bias in the signaling of the CRF4
receptor also have important implications for drug development. “Biased agonists” that shift
signaling towards Parrestin-mediated pathways and away from Gs mediated pathways have
been developed for the angiotensin Il receptor and the p2-adrenergic receptor [331; 332;
333; 334]. If similar compounds were designed to bias the CRF; receptor towards farrestin,
they could potentially make females more resilient to the hyperarousal induced by stress.

The studies reviewed here provide examples of a number of sex differences at the molecular
level. Despite this body of work, the majority of preclinical studies exclusively use male
subjects. This male bias is particularly egregious in the fields of neuroscience and
pharmacology, where single-sex studies of male animals outnumber those of females
roughly 5 to 1 [335]. Given that there are sex differences in potential molecular targets of
therapeutics, it is possible that certain compounds will work better in females than males, or
that some drugs would only be effective in females. If novel therapeutics continue to be
screened exclusively in males, drugs that would work well in females may never be
identified. Thus, the male bias in preclinical research may deny women important treatments
for stress-related disorders.

8. Conclusions

This review explored sex differences in the neurobiological bases of PTSD and depression
as a way to illustrate how sex differences in stress response systems can contribute to sex
biases in psychiatric disorders. Preclinical data demonstrates sex differences in several
cellular and molecular mechanisms, including cell signaling, peptide expression, hormone
release, receptor trafficking, synaptogenesis, and dendritic remodeling. What is remarkable
is that, at each level of analysis, sex differences exist that can be linked to increased
endocrine, emotional, and/or arousal responses to stress in females compared to males.
Additional work is needed to determine whether the mechanisms identified in preclinical
studies are also apparent in clinical populations. However, at minimum, these data highlight
the multitude of factors that have the potential to establish sex differences in disease
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prevalence and presentation. More broadly, the study of sex differences in stress response
systems will likely impact the way disorders are treated in the future, as they reveal novel

targets for the development of novel pharmacotherapies that can be specifically tailored to
the physiology of women.
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Figure 1.
Schematic representing the circuitry primarily responsible for mediating symptoms of PTSD

and depression. The HPA axis that regulates the neuroendocrine responses to stress is shown
in green. The corticolimbic circuitry that mediates emotional responses to negatively
valenced stimuli is shown in red. The LC-norepinephrine system that initiates arousal
responses to stress is shown in blue. AC: adrenal cortex; Amyg: amygdala; AP: anterior
pituitary; HPC: hippocampus; LC: locus coeruleus; PFC: prefrontal cortex; PVN:
paraventricular nucleus
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Figure 2.

Schematic representing sex differences in the HPA axis response to stress in rodents.
Compared to male rats (left panel), female rats (right panel) have greater stress-induced
release of CRF, ACTH, and corticosterone (cort.) due to sex differences in the
hypothalamus, anterior pituitary (AP), and the cortex of the adrenal gland (AC). Negative
feedback (shown with the red arrows) is also decreased in females is thought to be due to
sex differences in GR expression, GR translocation, and GABAergic inhibition. Reduced
negative feedback in females can further increase the release of stress hormones.
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Figure 3.
Schematic depicting sex differences in the LC—arousal system in rodents. The images on the

left depict LC neurons with dendrites that are longer and more complex in females (bottom
left panel) compared to males (top left panel). The longer dendrites of females are more
likely to receive limbic afferents that terminate in peri-LC region. However, males and
females would likely receive comparable amounts of input from autonomic regions that
synapse near the cell bodies. The images on the right depict magnified views of LC
dendrites to illustrate sex differences in the CRF; receptor coupling and trafficking. The top
right panel shows how CRFq receptors (purple) of males associate with Parrestin2 (Barr.) and
internalize following stressor exposure. In contrast, the bottom right panel shows how CRF
receptor of females couple to Gs and traffic to the plasma membrane following stressor
exposure.
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Table 1

Sex differences in prevalence of stress-related disorders.

Lifetime Prevalence Ratio

Female Males | Female:Male | Citation
Panic 6.2% 3.1% 2.0 [336]
Generalized Anxiety 7.1% 4.2% 17 [336]
Any Anxiety Disorder 36.4% 25.4% 14 [336]
PTSD 9.7% 3.6% 2.7 [336]
Major Depression 20.2% 13.2% 15 [336]
Any Affective Disorder 24.4% 17.5% 14 [336]
Alcohol Abuse 7.5% 19.6% 0.4 [336]
Drug Abuse 4.8% 11.6% 0.4 [336]
Migraine 18.2% 6.5% 2.8 [22]
Insomnia 12.9% 6.2% 2.1 [23]
Irritable Bowel Syndrome 14.5% 7.7% 1.9 [24]
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