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Abstract

Sex differences in stress responses can be found at all stages of life and are related to both the 

organizational and activational effects of gonadal hormones and to genes on the sex chromosomes. 

As stress dysregulation is the most common feature across neuropsychiatric diseases, sex 

differences in how these pathways develop and mature may predict sex-specific periods of 

vulnerability to disruption and increased disease risk or resilience across the lifespan. The aging 

brain is also at risk to the effects of stress, where the rapid decline of gonadal hormones in women 

combined with cellular aging processes promote sex biases in stress dysregulation. In this Review, 

we discuss potential underlying mechanisms driving sex differences in stress responses and their 

relevance to disease. Although stress is involved in a much broader range of diseases than 

neuropsychiatric ones, we highlight here this area and its examples across the lifespan.

Maintenance of homeostasis depends on the tight orchestration of factors involved in the 

response to stress and its recovery, where sex differences exist at all levels. Regulation of 

the stress axis involves the coordination between multiple brain regions guiding the 

magnitude of the stress response as well as the negative feedback necessary for its return to 

baseline. At its most fundamental level, the hypothalamic-pituitary-adrenal (HPA) stress 

axis is driven by corticotropin-releasing factor (CRF) neurons in the paraventricular nucleus 

of the hypothalamus (PVN) that upon stress activation release CRF into the hypophyseal 

portal circulation. CRF activation of corticotrope cells in the anterior pituitary results in a 

release of adrenocorticotropic hormone (ACTH) into the general circulation to activate 

melanocortin-2 receptors in the adrenal gland cortex, which activates the synthesis and 

release of glucocorticoids1,2. These glucocorticoids, largely through binding of the 
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glucocorticoid receptor (GR), promote a cascade of catabolic actions in peripheral tissues, 

providing the necessary fuel availability to appropriately respond to the environmental 

perturbation. Finally, glucocorticoids provide the critical negative feedback on the HPA axis 

to ensure a return to a homeostatic state. At the hypothalamic level, CRF neurons are tightly 

regulated by a host of neurotransmitter and neuromodulatory systems, including serotonin 

(5-HT), GABA, glutamate and norepinephrine3,4. Vasopressin release from the PVN can 

also augment the stress-mediated release of ACTH from the pituitary5. Significant and 

important differences between males and females are present at all points along the HPA 

axis, including inputs to the PVN, neuromodulatory regulation of CRF neurons, and the 

relative size and steroidogenic activity of the adrenal gland cortex6,7. Such differences are 

largely driven by gonadal hormone changes that occur over dynamic periods of development 

and maturation, contributing to sex-specific stress responses and vulnerabilities across the 

lifespan8.

Stress dysregulation programmed during sensitive periods in brain development and 

maturation can result in future sensitivity, and is associated with an increased disease risk, 

including for a large number of neuropsychiatric diseases9–11. Therefore, the continued 

ability across the lifespan to respond appropriately to stress is a necessary component in 

disease prevention12. Sex differences in stress responses can be found at all stages of life, 

and these differences are related to both the organizational and activational effects of 

gonadal hormones and to genes found on the sex chromosomes (Fig. 1)13–18. During 

gestation, sex differences in placental and embryonic responses to maternal stress and 

environmental perturbations are well documented in humans, where males are at a greater 

risk for short-term and long-term negative outcomes19–21. In contrast, during childhood, 

adversity appears to preferentially increase the risk for affective disorders in women, 

especially during their reproductive years (Fig. 2)21–25. In aging, ovarian senescence 

contributes to sex differences in stress responsivity and stress-related neuropsychiatric 

disease risk26–28.

Dysregulation of stress neurocircuitry is the most common feature across neuropsychiatric 

diseases, with both hyper- and hypo-reactivity of the HPA stress axis being reported17,29–31. 

Closer examination of sex differences in stress responsivity may provide unique insight as to 

the possible points of vulnerability in brain development and maturation in which 

disruptions in stress pathways can occur32. In rodents, females display a significantly greater 

physiological stress response than males as noted by elevated corticosterone levels after 

exposure to a variety of stressors7. This is largely due to an overall suppression of the HPA 

axis in males by activational testosterone after puberty. Assessing the impact of sex on the 

human HPA-axis response to an acute stressor is more complicated and is modified by age, 

oral contraceptive use, exercise and overall health33,34. At a molecular level, studies have 

identified effects of gonadal hormones on sex differences in stress responsivity via 

regulation of neurotransmitter systems including 5-HT, norepinephrine, and CRF receptor 

expression and internalization6,7,35–42. Further, similar sex differences exist in behavioral 

stress responses in which female rodents use more passive strategies in response to stress, 

such as increased immobile time in the forced-swim and tail-suspension tests compared to 

males43. In humans, such passive coping responses to stress are associated with the 
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presentation of depressive symptoms and are more common in women44. To this point, 

functional magnetic resonance imaging (MRI) analyses in women have reported fluctuations 

across the menstrual cycle in response to emotional stimuli in the orbito-frontal cortex, a 

brain region important in affect determination and stress regulation45,46.

In addition to the organizational effects of gonadal hormones, sex chromosomes contribute 

to the developmental programming of the sexually dimorphic brain and its response to the 

activational effects of reproductive hormones later in life. In humans, observations of the 

brain and behavioral impact of sex chromosome abnormalities aid our understanding of the 

specific contributions of the X and Y chromosomes to sex differences. Brain studies 

comparing children in early puberty with Turner syndrome (XO) and Klinefelter syndrome 

(XXY) to age matched controls revealed a dose-dependency of the X chromosome to 

decreased parieto-occipital and increased temporo-insular gray matter volumes, suggesting 

an involvement of X-linked genes in structural brain development47,48. Another study 

reported smaller hippocampal volumes in XXY boys compared to age-matched controls49. 

Boys with XYY karyotypes do not present with a detectable phenotype, have normal 

behavior and cognitive abilities, and normal serum testosterone levels. Together, these 

findings suggest that while the dosage of X-linked genes is critical in normal development, 

this is less clear for Y-linked genes. However, it should be noted that it is inherently difficult 

to completely dissect the sex hormone and sex chromosome effects on the developing brain 

as both XO and XXY children are also typically deficient in gonadal hormone production. 

Further, the testis-determining factor, SRY, is a Y chromosome gene and a necessary 

transcription factor for the bipotential gonad to develop into a testis, a necessity for 

testosterone production during neonatal and pubertal developmental organizational and 

maturational periods50. Therefore, if SRY is absent, the testes are as well, and no 

testosterone is produced during neonatal development to masculinize the male brain.

Prenatal environment: stress and sex

Stress experienced during gestation is a risk factor in neurodevelopmental and 

neuropsychiatric disorders, including depression, anxiety, schizophrenia and autism 

spectrum disorder (ASD)17,30. The mechanisms through which fetal antecedents such as 

exposure to maternal psychosocial stress contribute to disease development involve complex 

interactions between dynamic changes within the maternal environment, the placenta and 

the developing embryo. Sex differences are important to consider in this equation of gene × 

environment × developmental period = programming outcomes at all levels. Certainly, 

numerous neurodevelopmental disorders exhibit strong sex biases, including ASD with an 

overall sex ratio of 4:1 for boys:girls (as reviewed in refs. 51–53) as well as attention deficit 

hyperactivity disorder (ADHD) with a male-to-female sex ratio of 3.2:1 (reviewed in ref. 

54).

The timing of maternal stress experience over the course of pregnancy and its long-term 

impact on neurodevelopmental disorder risk is also sex-specific. For example, women 

exposed during their second trimester of pregnancy to the stress of the 1940 invasion of The 

Netherlands had male, but not female, children with an increased risk of schizophrenia55. A 

significant association between maternal psychosocial stress experienced during the first 
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trimester of pregnancy has also been reported to significantly increase the risk of 

schizophrenia, again only in male children56. Further, exposure to maternal stress before 32 

weeks of gestation is a known contributing factor in ASD, also a male-biased 

neurodevelopmental disorder57. A recent report detected a significant effect of maternal 

depression during pregnancy on offspring postnatal anxiety development, an effect that was 

again significant only in boys58. These studies support the importance of fetal sex in the 

association between maternal stress and offspring long-term disease risk. Although there are 

multiple factors likely contributing to sex differences in disease, these studies support the 

premise that sex-specific responses to fetal antecedents may promote a divergence in 

neurodevelopmental trajectories. For example, MRI in male and female patients with 

schizophrenia confirmed a disruption of the normal brain sexual dimorphisms (in which 

specific brain regions are known to be larger or smaller in one sex), including the 

orbitofrontal cortex:amygdala ratio, where male schizophrenic patients showed a 

phenotypically more female-like pattern in these brain regions15,59–62. These outcomes 

support the hypothesis that fetal antecedents, such as maternal stress, can disrupt normal 

sex-specific organizational trajectories and patterns. Such studies also reinforce our 

understanding that sex differences begin in utero.

Disease risk is considered then to be a product of a potential mismatch between this 

hormonal organizational programming involved in determining the sexually dimorphic brain 

(as discussed below and shown in Fig. 1) and the activational hormones then produced 

beginning in puberty. For example, if maternal stress disrupts a male fetus’s testosterone 

production during late gestation, that male’s brain will not be fully masculinized and thus as 

an adult may appear to functionally be less male-like (which is not the same as being more 

female). Then, during puberty, when the testes begin producing adult levels of testosterone, 

the activational mediators and functional endpoints in the brain having not been 

appropriately programmed, do not match, and the potential for dysregulation occurs between 

what an XY brain should look and function like.

Animal models of maternal stress have provided important opportunities to examine 

mechanisms underlying the programming of long-term offspring outcomes relevant to 

neurodevelopmental disorders. Offspring phenotypes vary depending on the stressors used, 

outcomes examined and timing of the stress event during pregnancy63–66. However, 

maternal stress has been clearly shown in mice, rats, guinea pigs and nonhuman primates to 

alter the development and sensitivity of offspring HPA stress axis, behavioral stress 

reactivity and cognitive deficits, all of which are endophenotypes relevant to 

neurodevelopmental disorders43,65,67–73. Similar to findings in humans, these animal models 

have reported findings from maternal stress that demonstrate increased stress responsivity 

and cognitive deficits specific to the gestational timing of stress exposure as well as to the 

sex of the offspring, where again, stress earlier in pregnancy produced significant effects in 

male offspring70,71,73–75. The early postnatal period in mice and rats has also demonstrated 

this remarkable sex specificity in the developing brain’s response to stress, revealing how 

maternal behaviors including fragmented care can disrupt these pathways, resulting in adults 

with depleted hippocampal development and dysregulation of their HPA stress axis76–83.
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The mammalian brain develops in the face of combined and opposing forces contributing to 

resiliency or vulnerability. The sexually dimorphic developing brain is organized in large 

part by developmental hormone exposure, with males experiencing elevated testosterone 

levels during the process of normal testes development (Fig. 1). Aromatization of this 

testosterone to estradiol in the brain of the developing organism drives masculinization, an 

active process that affects cell differentiation and connectivity in the brain13,84. Animal 

models have established the importance of the estrogenic involvement in cell death and cell 

birth in the developing nervous system as a critical component in organizing the sexually 

dimorphic brain, as is the newly discovered epigenetic process of DNA methylation in 

feminization of the female brain13,16,18. Certainly, evidence in humans also suggests a 

strong correlation between fetal testosterone levels and steroidogenic activity with 

neurodevelopmental disease risk and adult cognitive and behavioral stress reactivity, 

supporting the importance of the processes involved in establishing the sexually dimorphic 

brain, as discussed above52,85–87. Programming of important stress regulatory brain regions, 

including the limbic circuitry and the neuroendocrine hypothalamus, via hormone effects on 

cell migration patterns during early development also contributes to sex differences in how 

the individual responds to stress experiences throughout life (Fig. 1)15.

In rodent models, studies have manipulated this critical organizational window to 

mechanistically examine its importance in sex differences in long-term stress programming. 

For example, normal adult sex differences in hippocampal expression of the glucocorticoid 

receptor, critical for the negative feedback and modulation of the HPA axis, were disrupted 

in females masculinized at birth by a single injection of testosterone (thus mimicking the 

normal male masculinization of brain organization and producing a mismatch in the adult 

XX female brain), supporting the importance of the male testosterone surge in normal 

wiring of sex differences in stress pathways6,38,88. In addition to this early critical period of 

programming, the rise in gonadal hormones beginning in puberty interacts with these 

organizational changes and exerts modulatory actions on neurotransmitter systems critical in 

regulation of sex differences in stress responsivity. Ultimately then, there is an important 

coordination that must occur between organizational and activational periods of hormone 

exposure with additional factors from the sex chromosomes to orchestrate a ‘normal’ stress 

phenotype for each sex, avoiding a mismatch that would indicate an elevated disease risk. 

Therefore, neurodevelopmental disorder predisposition, such as for schizophrenia or ASD, 

may result from an underlying mismatch between these processes beginning with a 

perturbation during early development (Fig. 1)27,89. Further, the male sex bias in these 

disorders may result from a mismatch between the prenatal and postnatal environment being 

more detrimental to males than to females. For example, the process involved in 

masculinization may be more susceptible to prenatal disturbances by a mechanism yet to be 

determined.

Puberty: stress and the adolescent brain

Before the onset of puberty, there are limited differences between males and females in their 

physiological stress response90,91. Similarly, before puberty, boys and girls have an 

equivalent presentation rate of affective disorders, for both major depression and anxiety92. 

However, brain maturation that occurs during the adolescent window results in a significant 
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blunting of the male HPA stress axis, predominantly related to the rise in testosterone and its 

interaction with the organizational program established by neonatal testosterone93. After 

adolescence and into adulthood, there is an increased presentation of affective disorders in 

women compared to men (Fig. 2). These clinical findings again support an important 

involvement of gonadal hormones in guiding brain plasticity within key stress regulatory 

regions. In both humans and rodents, brain regions involved in stress regulation and mood, 

including the prefrontal cortex, amygdala, hypothalamus and hippocampus continue to 

mature throughout this pubertal period. Such a dynamic developmental state may increase 

the vulnerability to external perturbations, thereby promoting a potential sex-specific 

window for stress dysregulation91,94.

During puberty, the stress circuitry matures as a result of a major intersection of gonadal and 

adrenal axes, where in primates adrenarche precedes gonadarche95. For instance, in adrenal 

gland development where sex differences are an important factor, the zona fasciculate 

cortical region diverges during puberty with a significant decrease in its growth rate in males 

as a direct result of testosterone production. It is not surprising that the timing of production 

of this testosterone and adrenal development is associated with the point in puberty when 

sex differences in HPA responses also arise, supporting the importance of this activational 

stage of gonadal hormones in programming stress responsivity96.

Sex differences in the maturation of stress circuitry are, in part, a result of changes in the 

broader transcriptome via gonadal hormone influences on epigenetic and other chromatin 

regulatory mechanisms97. During puberty, limbic brain regions, including the amygdala and 

hippocampus, which express large numbers of androgen and estrogen steroid hormone 

receptors, grow excessively in volume in both rodents and humans98. It is surprising that 

puberty is a time of considerable brain reorganization and maturation. In humans there is a 

peak and subsequent decline in cortical gray matter and a continual, though sexually 

dimorphic, increase in cortical white matter volume, in both the frontal and parietal 

lobes99,100. Studies in rodents have established that new cells are added in a sex-specific 

manner to the hypothalamus and amygdala during puberty, and gonadectomy before puberty 

prevents this effect101. These sex differences in the number of newly added cells correspond 

to similar differences in adult brain volumes, suggesting that the changes programmed 

during puberty are long lasting. Studies in sheep have similarly described sex-specific 

changes in the morphology of specific limbic system brain nuclei during puberty102. 

Together, these data support that key aspects of normal brain development, across species, 

are critically dependent on gonadal hormone levels, and represent an important 

organizational effect of the gonadal hormone onset during puberty. Thus, the connectivity 

and function of networks important in the regulation of emotion and stress are poised for 

modification by this pubertal rise in hormones. Likewise, any alterations in the normal 

trajectory of brain development as a result of gestational adversity, such as to stress, will 

serve as the substrate for these activational effects of pubertal hormone production.

Studies identifying sex-specific molecular changes that occur during puberty that may be 

important to stress neurocircuitry have largely focused on steroid hormones and their 

receptors, including gonadal hormone and glucocorticoid receptors. For instance, in rodent 

studies, levels of hippocampal GRs gradually increase during development, and a peak 
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during puberty, which is concurrent with the emergence of receptor autoregulation103,104. 

The negative feedback inhibition of the HPA stress axis also reaches normal adult sensitivity 

during adolescence103. Both androgens, estrogens and their respective metabolites act 

through classic receptor mechanisms inside and surrounding the PVN to modulate the stress 

response of the CRF neurons105. This is where testosterone’s actions to suppress stress 

reactivity in males are thought to occur, influencing the GABAergic inhibitory tone of the 

PVN.

Estrogen and progesterone cyclicity in females is also a means by which stress responsivity 

and arousal circuitry are dynamically regulated in women across menstrual cycle stages. 

Cortisol responses to a laboratory social stressor are blunted in luteal compared to follicular 

phase females, whereas the response among users of oral contraceptive pills is similar to that 

of follicular phase females. Likewise, observations of sex differences in HPA axis response 

depend on the menstrual cycle phase of the female participants. Typically sex differences in 

salivary cortisol response to stress are noted when women are in the low-estrogen state of 

the follicular phase or using oral contraceptives, and is most similar between males and 

luteal phase females34, a finding of interest given this would be when males and females are 

most hormonally divergent. In contrast, fMRI results indicate that the largest sex differences 

in blood oxygen level–dependent (BOLD) signal within the stress neurocircuitry is observed 

when the female participants were in the high estradiol, mid-late follicular phase106.

As the brain continues to mature, the potential influences of stress and the environment on 

the brain are appreciable during adolescence. The incidence of affective disorders 

dramatically increases in puberty100,107. In males, the maximal levels to which stress-

induced corticosteroids rise decreases with progression through puberty90. Studies 

examining the long-term effects of adverse early childhood experiences suggest that adults 

exposed to the stress of child abuse and/or neglect are at a significantly greater risk for 

lifetime affective disorder presentation23,24,108–110. This is especially true for women, where 

trauma during this period of brain development remains the highest predictor for affective 

disorders across the lifespan. In clinical studies, there is clear evidence for the interaction of 

neurobiological, neuroendocrine and immune alterations after exposure to adverse events 

during the peripubertal period in brain development111. For example, plasma stress hormone 

levels in response to relatively mild stressors are markedly increased in individuals who 

have experienced early life trauma, including sexual or physical abuse22,25. Further, brain 

imaging studies demonstrate that timing of adversity with respect to age and in relation to 

puberty is an important factor in the overall impact on the functioning of specific brain 

regions94,108. In rodents, chronic stress experienced during puberty produces sex-specific 

outcomes, with stressed females, but not males, exhibiting changes in HPA stress axis 

sensitivity and a blunting of neurogenesis in the dentate gyrus112. Likewise, similar to 

outcomes reported in animal models of early life stress, recent epigenetic studies in humans 

indicate that exposure to early life trauma differentially regulates the expression and level of 

methylation of the GR promoter (NR3C1)113. In humans, whether these alterations in brain 

structure and function or in GR methylation vary by sex in response to stress exposure has 

not be fully examined, although one study focusing on the CRF receptor-1 (CRFR1) genetic 
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polymorphism suggests that there may be a sex × childhood trauma × sex effect on risk for 

lifetime depression studies22.

Together, studies in rodents and humans point to an increased susceptibility to stress in 

females during the peripubertal and pubertal window of maturation for programming of 

long-term risk for stress-related affective disorders (Fig. 2). This is distinct from the 

apparent increased vulnerability of males to fetal antecedents as discussed above. Such 

differences in timing support the importance of unique patterns of brain development and 

maturation, mechanisms for which appear to involve an interaction of X- and Y-linked 

genes and gonadal hormones (Fig. 1).

Stress and sex differences in the aging brain

The transition to reproductive senescence is a critical part of the aging process, particularly 

for women, as they experience uncharacteristically erratic ovarian hormone fluctuations 

followed by hypogonadism during the late fifth and early sixth decades of life. For males, 

this process of reproductive senescence is far less dramatic and occurs at a much later age, if 

at all. However, aromatization of testosterone to estradiol in the male brain during aging can 

be variable and dependent on a number of factors114. Given the impact of reproductive 

hormones on stress neural circuitry and HPA axis function, it is not surprising that these 

aspects of aging lead to alterations in stress responsivity within and between the sexes, and 

risk for neuropsychiatric conditions is manifest. Women are two to three times more likely 

to experience a first episode of depression during the perimenopausal period, and the onset 

of schizophrenia after age 40 is two times higher in women than in men (Fig. 2)115,116. 

Psychotic disorders similarly demonstrate an impact of sex, age and life stress117–121.

Animal models have identified interactions of these considerable gonadal hormone changes 

during aging with the regulation of genes important in stress responsivity, including many of 

the same targets as discussed above such as 5-HT, CRF and GABA signaling122–130. As 

gonadal hormones have a profound impact on brain structure and function, morphology and 

neurochemistry in brain regions that are critical for executive function, learning and 

memory, and stress regulation, the reduction in hormones or their metabolites can clearly 

promote sex-specific outcomes during aging131. For example, post-menopausal estrogen 

treatment sensitizes women to the adverse effects of stress on mood and symptoms of 

confusion under the context of a laboratory social-evaluative stressor132,133. Premenopausal 

women appear to have the opposite response to estradiol exposure, a finding that supporting 

a differential effect of estradiol on brain function and stress reactivity dependent on age134.

In studies focused on aging and gender effects on HPA axis function, older women 

demonstrate an accentuated cortisol response compared to age-matched men, and younger 

men and women in response to a cognitive challenge135–137. A meta-analysis similarly 

comparing cortisol levels between young versus old healthy volunteers exposed to a 

pharmacological or psychological challenge reported that older subjects produced a 

significantly higher cortisol response to challenge or less inhibition during a suppression 

test138. In this large-scale analysis of 45 parallel group studies, it was again found that the 
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effect of aging to increase stress-mediated cortisol release was significantly stronger in 

women.

Despite the fact that stress can precede a major depression episode, exacerbate ongoing 

anxiety disorders, and is required for the diagnosis of post-traumatic stress disorder in both 

men and women, women still represent the majority of individuals diagnosed with stress-

related affective disorders from puberty to reproductive senescence92,139. In the 

perimenopausal state, the risk for depression in women increases two- to fivefold depending 

on previous psychiatric history, demographic factors, education and adverse childhood 

experiences140,141. However, in the post-menopausal state, the risk for affective disorders 

among women diminishes to match that of their male counterparts141. These studies suggest 

that the dynamic change in hormonal status rather than the absolute level is a key 

determinant in sex differences in stress responses and disease risk.

Animal models for examining mechanisms involved in sex differences in stress and aging 

have revealed similar outcomes as found in humans, where aged female rats have higher 

basal corticosterone levels compared to same age males142. As mentioned earlier, there is a 

vast literature on the modulation of activational gonadal hormones, both androgens and 

estrogens, to influence the HPA stress axis and stress-related behaviors. In rodents, it is clear 

that testosterone promotes a suppression of overall corticosterone levels in response to a 

stressor, and can act at many levels within the brain, including the hypothalamus, to affect 

vasopressin and CRF synthesis and release96. This may in part be due to the androgen 

metabolite, 3B-diol, which in rodents has been shown to act within the hypothalamus to 

directly inhibit vasopressin and CRF PVN neurons and effectively reduce activity of the 

HPA stress axis105. Therefore, a reduction in testosterone or its metabolites in the brain in 

aging males would result in an increased stress response. Although such studies support the 

significant increase in basal free cortisol levels between young and aged men, they do not 

explain the much more dramatic rise in stress-challenge cortisol levels in aged women, 

particularly because the majority would be presumably hypogonadal135. A shortcoming of 

the literature on human studies is that studies examining age and hormonal effects on stress 

responsiveness outcomes have typically administered estradiol to postmenopausal women 

who are considerably distant from their final menstrual period. However, one study tested 

for the presence of sex differences in stress responsivity in the gonadal suppressed state in 

young men and women and found that in the absence of gonadal hormones, men produced 

higher ACTH and cortisol levels in response to a CRF stimulation or exercise compared to 

women143. Testosterone replacement in gonadally suppressed men dampens the normally 

enhanced HPA axis response to challenge, and the same is seen in gonadectomized versus 

hormone-replaced rodents144. These studies support the important involvement of gonadal 

hormones in modulation of stress responsivity across the lifespan, and further suggest the 

influence of rapidly declining hormone levels in aging on how the brain perceives and 

responds to stress, especially in women.

Mechanistically, estrogen is vital to neural plasticity, as demonstrated in studies where 

hippocampal and hypothalamic synaptogenesis and neuronal membrane firing potential are 

affected by estradiol145. Therefore, the dynamic change in hormonal status in women during 

the menopause transition may promote a dysregulation of cellular processes involved in 
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HPA axis activation and feedback. Less is known as to the effects of aging and the decline 

of estrogen on GRs and how negative feedback of the stress circuitry is impacted, but rodent 

studies have clearly demonstrated that the aging hippocampus is significantly more 

vulnerable to stress-mediated glutamate neurotoxicity and the damaging effects of 

glucocorticoids26,146. This increased susceptibility may be result in part from decreased 

synapse spine plasticity in the aging brain, especially in stress-responsive regions such as the 

hippocampus and prefrontal cortex. As estrogen plays a vital role in the brain’s resilience to 

these effects, women may be at a greater risk to hippocampal damage during the menopause 

transition, resulting in a cycle of a less responsive negative feedback and greater stress 

reactivity.

Conclusions

The mechanisms by which sex differences in stress responsivity arise and promote sex 

biases in disease risk or resilience are complex but appear to involve an interaction of sex 

chromosome genes with periods of dynamic hormonal changes that may be compounding 

across the lifespan. For instance, disruptions during key periods in development and 

maturation can alter the sexually dimorphic brain, changing how the organism responds to 

or copes with stress due to a mismatch between the gonadal sex and brain sex. Animal 

models and human studies support an increased risk in males for behavioral or 

neurodevelopmental disorders such as ASD, schizophrenia, and ADHD in association with 

maternal adversity during pregnancy. However, females appear to be at greater risk to early 

life and peripubertal adversity to present with affective disorders throughout life. The aging 

brain also shows sex-specific changes in stress reactivity, which in part result from dynamic 

hormonal reductions in women and other aging-related cellular processes in limbic brain 

regions.

The brain’s continuous ability across the lifespan to perceive and appropriately respond to 

stress is necessary for homeostasis and survival. Therefore, the continued focus and 

appreciation for how sex differences in stress responses may predict disease risk and 

resiliency is critical for developing preventive strategies and treatments. Why these sex 

differences exist and continue to present across the lifespan is a key question in 

understanding individual health and disease, and suggests that an early adaptation made it 

advantageous for males and females to respond differently to stress. Studies that include sex 

as a factor continues to be a major need across the lifespan as our best effort in mental health 

research.
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Figure 1. 
Programming and maturation of the sexually dimorphic brain and importance in lifelong sex 

differences in stress circuitry. Exposure of the male (XY) neonatal brain to estrogen (E) via 

central aromatization of testosterone (T) produced by the testes during this developmental 

window sets the stage for sex differences throughout life. Perturbations such as maternal 

stress can disrupt testosterone production and its ability to fully masculinize the brain, 

resulting in a mismatch between the gonad and brain later in life when activational T levels 

are present. Genes expressed on the X and Y chromosomes also drive differences in 

neurodevelopment and stress neurocircuitry that will result in pushing the male and female 

brain and HPA axis stress response further apart, these may include epigenetic modifiers 

such as miRNAs abundant on the X chromosome and histone demethylases on the Y. 

Studies in children with Turner syndrome (XO) and Klinefelter syndrome (XXY) indicate 

that X-linked gene dosage is important in morphological development of brain regions 

involved in stress regulation. During puberty, activational gonadal hormones produced in 

males and females further act on the blueprint established during early life to mature the 

sexually dimorphic brain. During this stage, T in the male also reduces the adrenal gland 

size and steroidogenic activity to promote an additional level for sex differences in stress 

responses. The aging brain receives significantly lower levels of gonadal hormones in 

women, and this, combined with additional cellular aging processes, produces unique sex 

differences in stress responsivity at this life stage. For women, there is an additional peak at 

this stage of life for presentation of stress-related disorders including schizophrenia and 

depression.
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Figure 2. 
Sex differences in stress-related neuropsychiatric disease across the lifespan. Sex differences 

in response to prenatal and early life stress put males at an increased risk to present with 

neurodevelopmental disorders including ASD, ADHD, oppositional defiant disorder (ODD) 

and Tourette syndrome (TS). Males are also at greater risk of early onset schizophrenia. 

Although there are no sex differences in affective disorders before puberty, females show an 

increased risk in adolescence and throughout adulthood, especially if they have experience 

stress-related early life adversity or trauma. During peri-menopause and menopausal 

transition, women are at greater risk for presenting with schizophrenia, and affective 

disorders including depression.
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