Mini-Symposium

The Journal of Neuroscience, October 31, 2007 - 27(44):11851-11855 * 11851

Stress and Disease: Is Being Female a Predisposing Factor?

Jill B. Becker,' Lisa M. Monteggia,” Tara S. Perrot-Sinal,’ Russell D. Romeo,* Jane R. Taylor,’ Rachel Yehuda,® and

Tracy L. Bale”

Department of Psychology, University of Michigan, Ann Arbor, Michigan 48109, 2Department of Psychiatry, The University of Texas Southwestern

Medical Center, Dallas, Texas 75390, *Department of Psychology, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4R2, “Department of Psychology,

Barnard College, New York, New York 10027, SDepartment of Psychiatry, Yale University School of Medicine, New Haven, Connecticut 06510, “Department

of Psychiatry, James J. Peters VA Medical Center, Bronx, New York 10468, and 7Department of Animal Biology, University of Pennsylvania, Philadelphia,

Pennsylvania 19104

Key words: addiction; depression; HPA axis; animal models; sex; stress

Does heightened stress sensitivity predispose an individual to-
ward disease? Our Society for Neuroscience mini-symposium ex-
amines the link between stress and disease onset, exploring sex
differences and whether there is an increased female predisposi-
tion. This session specifically addresses the influence of stress
sensitivity in the fields of drug addiction and affective disorders.
As the incidence of stress-related diseases continues to rise, these
talks will highlight the current basic and clinical research in de-
fining a sex difference, neurobiological causes of such differences,
and what benefit animal models can offer in determination of
predisposing factors. Talks will highlight potential disease models
produced by genetic, prenatal, and hormonal manipulations and
will examine the influence of both gonadal and genetic sex in the
presentation of disease. Because the reported heightened female
sensitivity in these diseases seems to present after puberty, deter-
mination of stress pathway maturation is also critical in these
studies.

Is being female a predisposing factor toward certain stress-
related diseases? Certainly, females have a heightened stress re-
sponse, but does this innate physiology dictate elevated disease
presentation? To get at the heart of these questions, we must first
dissect the underlying neurobiology that is associated with the
disease state and reveal how stress becomes a contributing factor
in susceptibility. We know the predisposition toward stress-
related diseases such as affective disorders and drug addiction
likely involves a genetic vulnerability toward increased stress sen-
sitivity (Nestler et al., 2002; Nestler, 2005). Recent studies exam-
ining the involvement of emotionality in addiction point to a
likely intersection of stress pathway neurocircuitry with reward
centers that may subserve the presentation of these diseases and
in their increasingly common comorbidity (de Lecea et al., 2006).
As evidence in support of this hypothesis, females show both
heightened stress sensitivity and an increased susceptibility to-
ward emotion-based diseases, including depression. Although
defining a “sex difference” is complex, it is important in both
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basic and clinical research to distinguish between those features
that can be attributed to hormonal modulation (i.e., estrogenic vs
androgenic) from that which is a true biological sex difference
initiated by genes encoded on the sex chromosomes (Becker etal.,
2005; McCarthy and Konkle, 2005).

Orchestration of the components of stress responsivity and
recovery can influence a host of endocrine and neuroendocrine
factors that may have long-term influences on future sensitivity
and ultimately lead to disease if maladaptive in nature. Therefore,
the continued ability throughout life to appropriately respond to
stress perturbations is a necessary aspect in homeostatic mainte-
nance and disease prevention. If sex differences exist in stress-
induced disease susceptibility, then at what level might such sex
differences be important? At the level of stress perception, stress
physiology, or stress recovery? And when might such distinctions
between males and females begin to develop? Before puberty,
minimal differences between sexes are detected in the hypotha-
lamic—pituitary—adrenal (HPA) axis stress response (Romeo et
al., 2004a,b). Similarly, males and females have equivalent pre-
sentation of affective disorders, for both major depression and
anxiety, before puberty. During adolescence, maturation of the
stress neurocircuitry reveals a blunting of male responsiveness
that is likely related to the rise in testosterone (Gomez et al.,
2004). After this pubertal period, there is an escalation in female
disease presentation compared with males (Angold et al., 1998).
Although these clinical findings support an involvement of go-
nadal hormones in shaping brain plasticity in key emotional cen-
ters that are likely to mediate stress responsivity, defining a true
sex difference related to disease susceptibility remains unan-
swered. Do these studies provide evidence for a male-biased
“protection” from stress insults leading to disease onset, or is the
postpubertal disease rise in females related to a consequence/
interaction of estrogen cyclicity?

Sex and stress neurobiology

In both humans and rodents, several brain regions involved in
stress and corticotropin-releasing factor (CRF)-mediated HPA
axis regulation and emotional affect, such as the prefrontal cor-
tex, amygdala, and hippocampus, continue to mature well into
adolescence (Fig. 1) (Crews et al., 2007; Sowell et al., 2007). These
areas also demonstrate significant sex differences in both struc-
ture and function into adulthood (Cahill, 2006). Recent studies
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have begun to clarify whether the onset of
these possible sex differences are related to
varying rates of maturation between males
and females. Neuroimaging studies in hu-
mans show that amygdala volume in-
creases significantly more in adolescent
boys, whereas hippocampal volume in-
creases faster in girls (Giedd et al., 1997).
Moreover, the thinning of frontal cortical
gray matter associated with adolescence
occurs earlier in females (Giedd et al.,
1999), which may be associated with their
earlier onset of puberty. Interestingly,
these same limbic and forebrain regions
are extremely sensitive to hormones re-
leased during stress, especially glucocorti-
coids (McEwen, 2005). Because glucocor-
ticoids are potent modulators of synaptic
function and plasticity (Sapolsky, 2003), it
is likely that exposure to stressors during
adolescence or impaired CRF pathway
function would alter the shaping of these
areas critical to emotionality, possibly in a
sex-dependent manner (Goel and Bale,
2007). Unfortunately, little is known re-
garding the effects of stress during puberty
on the developmental trajectory of these
areas in males and females (Romeo and
McEwen, 2006). It will be imperative to
better identify and delineate the interac-
tion between adolescent development, sex,
and stress to determine whether there is a
female-biased sex difference in suscepti-
bility to stress-related psychopathologies.

Maternal stress, PTSD, gonadal hormones

Figure 1.

Stress and addiction behaviors

In addition to possible inherent sex differences that may occur
during normal development, considerable evidence suggests that
additional exogenous factors such as stress, maternal care, and
the intrauterine environment may have long-lasting health con-
sequences that are sex specific. In humans, prenatal stress is asso-
ciated with increased anxiety in adolescence (Phillips et al., 2005)
and a greater incidence of disease in adulthood (Kessler, 1997;
Quenstedt and Parshall, 1998). Studies support a possible link
between these prenatal events and development of specific limbic
brain regions that are sexually dimorphic. In one rodent model,
stress experienced late in gestation produced male offspring with
an attenuated HPA response but females with increased anxiety-
related behaviors and a prolonged HPA response (Richardson et
al., 2006). These long-term alterations have a temporal specificity
dependent on when the stress experience occurs during gestation
(Mueller and Bale, 2007). Such sex differences may be one pre-
disposing factor related to addiction behaviors in which early life
stress can affect the propensity for drug-taking behavior (Kosten
et al,, 2004), perhaps by altering the same neural systems that
impact novelty seeking (Deminiere et al., 1992).

Addiction is one such disease that appears to have sex-specific
traits and vulnerabilities that may be linked to stress. Sex differ-
ences in humans are noted in the rate of escalation of drug use in
which women tend to increase their drug intake more rapidly
than men (Brady and Randall, 1999; Lynch et al., 2002;
Hernandez-Avila et al., 2004; Mann et al., 2005). In animal mod-
els, sex differences have also been reported during all phases of
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Schematic representing potential brain regions and genes involved in stress-related disease that are implicated in
putative sex differences. These brain areas are highly interconnected with one another with numerous efferent and afferent
projections involved in emotion, stress reactivity, and reward. Importantly, studies implicate sex differences in structure and/or
function as modeled by prenatal or postnatal or adult stress experience. Uterine environment, including stress and gonadal
hormones, can influence life susceptibility toward disease. Gonadal hormones (e.g., testosterone, estradiol, and progesterone)
and neurotrophic factors (BDNF) elicit effects throughout the lifespan, particularly during perinatal and adolescent development.
Sex-specific HPA axis stress responsivity can also promote differing vulnerabilities resulting from higher glucocorticoid levels in
females and may be related to central CRF regulation. Hormone-independent, genetically programmed sex differences (XX, XY),
and disparate life experiences can also play a role in gender-biased vulnerabilities. Together, these factors may predispose females
to a higher incidence of stress-related disorders such as affective disorders and drug abuse.

Becker et al. ® Sex and Disease Predisposition

Gonadal hormones vs. XX vs. XY

______

Glucocorticoids

the addiction process (Lynch et al., 2002; Carroll et al., 2004). For
example, when alow dose of drug is used, females acquire cocaine
self-administration at a faster rate than males (Lynch, 2006) and
display an increased loss of control over their intake (Lynch and
Taylor, 2004). Estradiol enhances acquisition of cocaine self-
administration in females (Lynch et al., 2001), as well as the mo-
tivation to take cocaine (Hu et al., 2004; Lynch and Roberts, 2004;
Lynch and Taylor, 2005; Lynch, 2006). Such results may support
more of a role for sex-specific gonadal hormones rather than a
true sex difference in such addiction-related output measures.
Although stress enhances reinstatement for cocaine responding
in males (Shaham et al., 2000; Lu et al., 2003), the interactions
between stress and gonadal hormones has not yet been formally
established.

Interestingly, little is known with regard to sex-specific neu-
robiological mechanisms of stress reactivity underlying drug re-
lapse. Although hormonal fluctuations in the rodent estrous cycle
undoubtedly show an influence on these behavioral responses to
stimulants and stressors, it is also possible that, if sex differences
exist, they may be accounted for by the complement of sex chro-
mosomes (XX vs XY) alone or in combination with gonadal hor-
mones. Recent studies have found that locomotor sensitization to
cocaine, goal-directed responding, and the development of ha-
bitual responding are differentially influenced by sex chromo-
somes and gonadal hormones (Quinn et al., 2007). Together,
studies in this field suggest that an intersection of genetic and
gonadal hormone influences provide complex contributions to
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sex differences in vulnerabilities to stress-related diseases, includ-
ing affective disorders and drug addiction.

Stress and affective disorders

In addition to a potential for stress to elevate the risk for drug
addiction or relapse in a sex-dependent manner, stress also ap-
pears to play a profound role in the onset of affective disorders.
Although the stress response is essential for maintenance of ho-
meostasis, maladaptive responses to stress can lead to disease,
including an elevation in risk factors for depression and anxiety,
as well as behaviors associated with drug-taking escalation and
relapse (Nemeroff et al., 1984; Nemeroff, 1988; Koob, 1999; Bale,
2005, 2006). Major depression is one of the most common men-
tal illnesses in both men and women. However, women experi-
ence depression at approximately twice the rate of men, and fe-
male stress sensitivity has been proposed as a key underlying
factor. A critical aspect necessary in defining pathways and mech-
anisms involved in potential sex differences in such diseases is the
development of appropriate animal models to examine alter-
ations in relevant physiology, behavior, gene expression, and cy-
toarchitectural output measures (Nestler et al., 2002). In such
models, exaggerated responses or a failure to respond to stress
insults could then be designated as possible biomarkers of affec-
tive disorders. For example, in a model of stress sensitivity, we
would predict one possible maladaptive response as a failure to
alter important gene expression levels, such as the rate-limiting
5-HT producing enzyme tryptophan hydroxylase-2, that would
likely result in an inability to produce appropriate coping strate-
gies. One example of a stress-sensitive model is the CRF
receptor-2 deficient mouse that displays exaggerated physiologi-
cal and behavioral responses to stress and has been used to ex-
plore stress pathway maturation and the prenatal, pubertal, and
adult maladaptive stress responses likened to a “depressive” phe-
notype (Bale et al., 2000, 2003; Coste et al., 2000; Mueller and
Bale, 2006; Goel and Bale, 2007). By taking this model one step
further, an increased female vulnerability to affective disorders
could be explored. Such a manipulation may entail early life fem-
inization or masculinization via prenatal stress or gonadal hor-
mone treatment. For example, males stressed early in gestation
show behaviors as adults that are similar to control nonstressed
females, suggesting an intersection between sex-specific hor-
mones and brain development (Mueller and Bale, 2007). Evalu-
ation of these models in the context of physiological and behav-
ioral stress responses, both acute and chronic, may define periods
of sex-specific plasticity in which stress can be detrimental or
predictive of long-term disease risk.

To better develop animal models in which affective disorders
can be examined, we need to identify novel gene targets. Recently,
such studies have focused on the possible involvement of brain-
derived neurotrophic factor (BDNF). Loss of BDNF in forebrain
regions contributes to a vulnerability for affective disorders,
whereas upregulation of BDNF is suggested to mediate the ther-
apeutic effect of antidepressants (Altar, 1999; Duman and Mon-
teggia, 2006; Levinson, 2006). Decreased serum levels of BDNF
have been found in depressed patients; however, whether this
effect is correlated with gender remains controversial (Karege et
al., 2002; Lang et al., 2004). Studies examining effects of stress
have found lower levels of BDNF protein in the dentate gyrus of
females relative to males (Franklin and Perrot-Sinal, 2006). These
results are intriguing because the dentate gyrus is critical for
BDNF involvement in behavior and antidepressant efficacy. Male
conditional forebrain BDNF knock-outs display normal behav-
iors, whereas females show increased depression-like behaviors.
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Figure 2. Diagram depicting putative heightened female predisposition toward stress-
related disease. The current state of this provocative field suggests that females basally show an
exaggerated sensitivity to stress and that if additional dysregulation occurs (such as may result
from prenatal stress, maternal PTSD, or a combined impact of stress and gonadal hormones on
brain development), this would push females over a “disease threshold” making them more
susceptible. If females do in fact show an increased presentation of certain diseases, such as
depression and aspects of drug addiction, then examination of those central pathways regulat-
ing stress effects and their downstream targets, including critical feedback mechanisms, may
provide greater insight into disease susceptibility, treatment, and prevention.

Interestingly, the loss of BDNF in both sexes attenuated the be-
havioral actions of an antidepressant, suggesting that the sex dif-
ferences may be more specific to behavioral responses and coping
strategies than to antidepressant efficacy (Monteggia et al., 2007).
Elucidating the role of BDNF in depression and its potential con-
tribution to disease vulnerability in females is essential in our
search for better drug targets and disease prevention.

Sex differences in clinical studies

Affective disorders such as posttraumatic stress disorder (PTSD)
have also been suggested to have sex-specific traits. However, the
question regarding such potential gender differences with respect
to life experiences and PTSD outcome is particularly difficult to
unpack because men and women differ in the type of experiences
they have and may have subjective responses to the same event.
For example, men are more often exposed to physical assault but
are less likely to develop PTSD to these experiences (Breslau et al.,
1999). Conversely, when men are exposed to a personal trauma
such as rape, PTSD prevalence rates exceed those reported for
women (Kessler et al., 1995). Recent studies have identified
shared genetic risk factors for PTSD and exposure to assaultative
violence in both combat and noncombat populations (Koenen et
al., 2002; Stein et al., 2002). These studies suggest that genetic
vulnerability may be important in exposure-related factors. A
“genetic predisposition” to PTSD has been more difficult to ver-
ify (Roy-Byrne et al., 2006). However, gender appears to play an
important role in conferring PTSD risk through possible epige-
netic mechanisms (Yehuda et al., 2002, 2005, 2007). Recent stud-
ies highlight the importance of maternal, rather than paternal,
PTSD as a risk factor for PTSD in offspring. Interestingly, these
maternal risk factors for PTSD do not appear to preferentially
affect male or female offspring, thus dissociating sex differences
in disease risk.

Summary
Because the reported heightened female predisposition in these
diseases seems to present after puberty, determination of stress
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pathway maturation may shed light on whether differences in
disease presentation, treatment, and risk are a function of go-
nadal hormone profiles and/or more inherent to genetic sex (Fig.
2). Unarguably, our work in understanding sex differences in
these diseases has just scratched the surface. We have only begun
exploring the possible involvement of exciting areas such as in-
trauterine environment, epigenetics, and proteomics in long-
term disease risk. An even greater scarcity exists for information
on how these regulatory mechanisms could be built into sex-
specific outcomes. It is clear, to answer the question of whether
“being female is a predisposing factor,” we are in desperate need
of novel animal models and paradigms (Kalueff et al., 2007), in
which such comparisons can be carefully studied.
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