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ABSTRACT: Puberty is accompanied by a number of changes, among them in-
creased risk for development of major depression. The most common etiology
of major depression is stressful life events, being present in approximately 90%
of first episodes of depression. The hypothalamic-pituitary-adrenal (HPA) axis
is one of the major systems involved in responses to stress, and this system is
clearly influenced by ovarian hormones. Normal women demonstrate resis-
tance to negative feedback of both cortisol in the fast-feedback paradigm and
dexamethasone in the standard delayed-feedback paradigm. Depressed pre-
menopausal women show greater increases in baseline cortisol than postmeno-
pausal depressed women and than depressed men. Studies in rodents suggest a
similar resistance to glucocorticoid feedback but suggest that estradiol can
function to inhibit stress responsiveness. Studies of premenopausal depressed
women demonstrate lower estradiol, which suggests that there is less inhibitory
feedback of estradiol on the HPA axis, while normal progesterone continues to
augment stress responses further. The onset of these reproductive hormonal
changes modulating stress systems at puberty may sensitize girls to stressful
life events, which become more frequent at the transition to puberty and young
adulthood.
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INTRODUCTION

Numerous studies have found that stressful life events play a role in the precipi-
tation of episoles of major depression.!-2 Furthermore, the response to stressful life
events is influenced by a number of individual characteristics known as “vulnerabil-
ity.” Female gender is one of the clearest constituents of vulnerability. In addition
to stress as a precipitant of depression, activation of the main stress hormonal sys-
tem, the hypothalamic-pituitary-adrenal (HPA) axis is seen in major depression. The
HPA axis is sexually dimorphic. In this review, we will examine the influence of
ovarian steroids on this axis and then speculate on how this relates to the increased
role of depression at puberty.
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“Stress” initiates a hormonal cascade by releasing corticotropin-releasing factor
(CRF), which triggers the release of ACTH from the anterior pituitary corticotrope,
which, in turn, triggers the release of adrenal glucocorticoids that feed back at brain
and pituitary sites to turn off the stress response.* Studies in both rats and humans
suggest that the stress response is sexually dimorphic. Studies in rats and humans
suggest that gonadal steroids play an important modulatory role on HPA axis, par-
ticularly on sensitivity to glucocorticoid negative feedback. These effects may be on
glucocorticoid receptors, on brain corticotropin-releasing hormone (CRH) systems,
or on responsiveness to CRH.

Glucocorticoids act via multiple mechanisms at multiple sites of the HPA axis to
inhibit their own release. At the pituitary, glucocorticoids have direct effects on
POMC gene transcription, POMC mRNA levels, and subsequent ACTH peptide
stores in vitro in primary pituitary cultures.>~” These effects involve the classic glu-
cocorticoid receptor (GR, type II), which binds glucocorticoids, is translocated to
the nucleus, and binds to sites on the DNA.® Studies have demonstrated that gluco-
corticoids interact with the CRH receptors in anterior pituitary, acutely inhibiting the
binding of CRH to its receptor and chronically decreasing CRH receptor number.%-10
Such direct effects of glucocorticoids on CRH receptors may account for some of the
inhibitory action of glucocorticoids on ACTH release in vitro.

In addition to pituitary sites of action, glucocorticoids act at brain sites. Early
work by McEwen and colleagues demonstrated a very high-affinity uptake of corti-
costerone, in the hippocampus of adrenalectomized rats injected in vivo with radio-
labelled steroids.!! These receptors were difficult to demonstrate in non-
adrenalectomized rats, presumably because these sites were saturated under resting
conditions.!? These receptors were not labeled by [>H]dexamethasone, suggesting
multiple types of glucocorticoid receptors.!? The observation of receptor heteroge-
neity has been expanded upon by deKloet and colleagues, who have subsequently
demonstrated two glucocorticoid receptor types: mineralocorticoid receptor (MR,
type I), which has particularly high affinity for the glucocorticoid corticosterone;
and glucocorticoid receptor (GR, type II), which preferentially binds dexametha-
sone.'* The type II receptors are widely distributed throughout the brain, while the
type I receptors exist predominantly in hippocampus. In addition to action at the pi-
tuitary and hypothalamus, there is strong evidence that the hippocampus is the main
feedback site in the brain.

THE GLUCOCORTICOID CASCADE HYPOTHESIS

The importance of hippocampal steroid receptors in feedback regulation of stress
has been demonstrated in a number of studies. Studies have demonstrated that removal
of the hippocampus leads to increases in anterior pituitary secretion of B-endorphin in
plasma, CRF mRNA, and a limited induction of vasopressin mRNA in parvocellular
neurons.!® Repeated stress or chronic glucocorticoid administration downregulates
hippocampal steroid receptors, but not hypothalamic or pituitary receptors. Animals
with downregulated hippocampal glucocorticoid receptors are slow to turn off the
corticosterone response to stress, and demonstrate decreased sensitivity to glucocor-
ticoid fast feedback.!® This decrease in glucocorticoid receptors and insensitivity to
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negative feedback leads to prolonged hypercortisolism which eventually can result
in atrophy in hippocampal neurons and further glucocorticoid hypersecretion.!’

Glucocorticoid hypersecretion and hippocampal neuronal atrophy are most pro-
nounced in aged rats, a situation analogous to the literature on human depression
showing a higher incidence of HPA axis feedback abnormalities in aged individu-
als.'8-20 These data provide further support for the hippocampus as a site of gluco-
corticoid negative feedback.

BASIC STUDIES SUGGESTING SEX DIFFERENCES IN
HPA AXIS REGULATION

Studies in rodents support the existence of sex differences in a number of the el-
ements of the HPA axis. The corticosterone response to stress differs in male and fe-
male rats, with female rats demonstrating a greater overall response, faster onset of
corticosterone secretion, and a faster rate of rise of corticosterone. A steeper rate of
rise is necessary in female rats to elicit glucocorticoid fast feedback.2! Corticoster-
one-binding globulin (CBQG) is positively regulated by estrogen and thus higher in
female rats; in addition, estrogen and progesterone have been demonstrated to affect
the HPA axis independent of the effects of CBG. Chronic estrogen treatment enhanc-
es the corticosterone response to stress and delays the recovery from stress in estro-
gen-treated female rats in comparison to ovariectomized (ovx) female rats.22
Estradiol treatment blocked downregulation of hippocampal GRs following chronic
administration of RU 28362, a glucocorticoid agonist. Studies by Viau and
Meaney?> demonstrated a greater ACTH and corticosterone stress response in acute
estradiol- treated rats compared with ovx female rats or estradiol plus progesterone—
treated female rats after short-term (24 h) but not long-term (48 h) estradiol treatment.
A partial estrogen response element is found on the CRH gene, which is able to con-
fer estrogen enhancement of CRH expression in cell cultures,?* providing a mecha-
nism by which estradiol may enhance stress responsiveness in females. However, not
all studies have demonstrated enhanced stress responsiveness with estradiol treat-
ment of female animals. Studies by Young et al.?® and Redei et al.2% found that lower
doses of estradiol, which produce estradiol concentrations in the physiological
range, demonstrated an inhibitory effect of estradiol on HPA axis responsiveness.
Similarly, a study by Komesaroff and colleagues?’ found similar inhibitory effects
of physiological doses of estradiol. Furthermore, treatment with estradiol antago-
nists has been demonstrated to increase stress response.2> Consequently, the data in
experimental animals is contradictory, but recent studies using physiological doses
of estradiol demonstrate inhibitory effects with treatment of several weeks.

Studies of the effect of estradiol in humans have also been contradictory. An early
study by the Trier group demonstrated greater stress responsiveness in men than
women and also found that treatment of normal males with estradiol led to increased
stress responsiveness.28 However, treatment of postmenopausal women with estra-
diol did not result in increased stress responsiveness.?” This suggests either sexually
dimorphic effects of estradiol or that estradiol treatment of men inhibited testoster-
one, which is also a potent inhibitory factor on HPA axis responsiveness. Further, a
study by Komesaroff et al.3 in postmenopausal women demonstrated significant in-
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hibitory effects of 8 weeks of estradiol treatment on both HPA axis and catechola-
mine response to stress.

Progesterone also affects the HPA axis. In cultured rat hepatoma cells, dexam-
ethasone and progesterone were able to bind to the same receptor, and progesterone
was a clear competitive antagonist of dexamethasone binding. Progesterone had a
faster binding time than cortisol for the GR, but progesterone binds at a different site
on GR than the glucocorticoid binding site.3!->? Furthermore, progesterone can in-
crease the rate of dissociation of glucocorticoids from the GR.3! Female rats have
a greater number of GRs in the hippocampus than do male rats.>® Progesterone
modulates GR number in hippocampus.34 In vivo, progesterone demonstrates anti-
glucocorticoid effects in intact rats.?> While the majority of these effects are exerted
at the GR, binding studies from Arriza et al. with expressed human MR demonstrate
an affinity of progesterone for MR receptor in a range similar to that of dexametha-
sone.3° Studies by Carey et al. found increase MR binding following progesterone
treatment of female rats.3”

Interactions between gonadal steroids and glucocorticoid feedback in vivo sug-
gest that both estrogen and progesterone may play a role. Both Burgess and Handa??
and Viau and Meaney?> have demonstrated that estrogen treatment delays the ACTH
and glucocorticoid shut-off following stress in estrogen-treated female rats in com-
parison to ovx female rats. Following long-term (21 days) estradiol treatment, the
potent and selective glucocorticoid RU 28362 was ineffective in blocking ether-
stress—induced ACTH secretion. Work by Keller-Wood et al. in pregnant ewes and
ewes given progesterone infusions found that progesterone can diminish the effec-
tiveness of cortisol feedback on stress responsiveness in vivo, complementing earlier
studies demonstrating that progesterone is a GR antagonist in vitro.3® Consequently,
a number of mechanisms have already been described by which estradiol and
progesterone may modulate HPA axis regulation.

SEX DIFFERENCES IN HPA AXIS REGULATION: HUMAN STUDIES

Given that there are a number of effects of ovarian steroids on the HPA axis, are
there differences in HPA axis regulation in normal men and women and could these
contribute to the excessive vulnerability to depression in women? We have observed
both sex differences in response to CRH and in negative feedback in humans. The
lack of a reliable robust stressor until recently has limited studies on sex differences
in stress response. Studies by Kirschbaum and Hellhammer have found that oral con-
traceptives decrease the free cortisol response to a social stressor in women, but that
treatment of normal men with estradiol for 48 h results in enhanced ACTH stress re-
sponse.2832 A recent analysis by the Trier group of all their studies concluded that
men show greater ACTH responses than do women to stress, but plasma cortisol lev-
els are not different.’® The saliva cortisol response is greatest in men and luteal-
phase women, while follicular-phase women and women on oral contraceptives
show similar responses.>® Our studies examining sex differences in response to
oCRH found a 40% greater response in women than men, again consistent with an-
imal studies. Since oCRH is acting at the pituitary, our data support differences at
the pituitary and adrenal level, as well as possibly at the level of the CRH neuron.



128 ANNALS NEW YORK ACADEMY OF SCIENCES

Infusion of cortisol “turns off” corticotroph secretion of ACTH and B-LPH/B-end
within 15 min of the onset of a rise in cortisol in both premenopausal female and age-
matched male control subjects. Following the termination of the infusion, men ex-
hibited continued inhibition of corticotroph secretion for 60 min, while the women
began to secrete B-LPH/B-end within this hour. This difference may be dependent
upon progesterone. Women with follicular phase plasma progesterone concentra-
tions (progesterone = 0.26 + 0.15 ng/mL) exhibited patterns of suppression of -
LPH/B-end secretion similar to the men. However, women with progesterone con-
centrations typical of the luteal phase (progesterone = 6.85 = 0.9 ng/mL), showed re-
bound B-LPH/B-end secretion following termination of cortisol infusion.*” These
data suggest that progesterone antagonizes the feedback effects of cortisol in hu-
mans. These conclusions agree with those of Keller-Wood et al.,3® demonstrating a
similar antagonistic effect of progesterone on the feedback effects of cortisol infu-
sion in ewes. Combined with data demonstrating antagonistic effects of progester-
one at the GR, the data suggest that progesterone is an important modulator of HPA
axis function.

With respect to the influence of changes in ovarian hormones across the menstru-
al cycle in women, recent studies by Altemus and colleagues*! have found increased
resistance to dexamethasone suppression during the luteal phase of the menstrual cy-
cle, as compared to the follicular phase, a change that may again be related to either
increased estradiol or progesterone during the luteal phase. Furthermore, ovarian
steroids influenced the expression of GR mRNA in lymphocytes, resulting in a de-
crease in GRs in the luteal phase compared to the follicular phase of the menstrual
cycle*! and suggesting that decreases in GRs may explain the decreased response to
dexamethasone. In a design that allows investigators to distinguish the effects of
progesterone from those of estrogen, Roca and coworkers*2:#3 studied control wom-
en treated first with Lupron, a gonadotrophin-releasing hormone (GnRH) agonist,
which causes suppression of both estrogen and progesterone secretion, and then giv-
en sequential replacement of the two hormones. They examined the response to ex-
ercise stress as well as to dexamethasone feedback and found that the exercise stress
response was increased, and response to dexamethasone feedback was decreased,
during the progesterone “add back” phase but not during the estrogen add-back
phase. Again, these data suggest that progesterone acts as a glucocorticoid antago-
nist. Thus, the data from human studies suggest that ovarian steroids, and in partic-
ular progesterone, influence the HPA axis response to stress by modulating
sensitivity to negative feedback. Furthermore, some data suggest that progesterone
may have negative effects on mood particularly in women with premenstrual dys-
phoric disorder (PMDD) in which depressive symptoms occur in the luteal phase of
the menstrual cycle when progesterone levels are high. Although the exact role of
sex hormones in this disorder has not been established, estrogen and progesterone
suppression by Lupron has been reported to produce significant symptom improve-
ment in depression in PMDD.*3

In humans, pregnancy is accompanied by increases in both estrogen and proges-
terone and thus provides another model to examine the interactions between gonadal
steroids and the HPA axis. Increases in plasma CBG and cortisol during pregnancy
are well known. In humans, dexamethasone challenge studies indicate resistance to
glucocorticoid negative feedback during pregnancy.*4¢ The degree to which higher
levels of CBG-bound cortisol contribute to the dexamethasone resistance, as mani-
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fested by higher levels of plasma cortisol following dexamethasone administration,
is not completely known. Although dexamethasone itself is not bound by CBG,
pregnancy could alter the metabolism of dexamethasone, resulting in less dexam-
ethasone bioavailability. However, at least one study*® demonstrated higher free cor-
tisol during pregnancy, higher free-cortisol production following an ACTH infusion,
decreased suppressibility of free cortisol by dexamethasone, and a normal circadian
rhythm of cortisol, pointing to a change in cortisol set-point during pregnancy. These
data are compatible with the data of Keller-Wood demonstrating that high circulating
levels of progesterone can antagonize the effects of glucocorticoids on negative
feedback.3®

From these studies, it is clear that ovarian steroids do play a modulatory role on
HPA axis regulation. However, we do not know which ovarian steroids are involved
and which levels of the HPA axis are affected; the underlying mechanisms are not
fully elucidated.

SEX DIFFERENCES IN HPA AXIS REGULATION IN DEPRESSION

Morning and evening cortisol hypersecretion. Our studies examining baseline cor-
tisol secretion in the morning in 16 depressed patients and 16 age- and sex-matched
control patients found increased cortisol secretion in the group as a whole, as would
be expected. However, there were clear sex differences. While the male patients and
their matched controls demonstrated the same plasma cortisol concentration, the fe-
male depressed patients demonstrated significantly higher mean plasma cortisol
concentration (11.3 £ 0.9 pg/dL) than their matched controls (8.1 + 0.95 ug/dL; sig-
nificant by a two-tailed #-test, P = 0.033). Removal of glucocorticoid negative feed-
back by metyrapone demonstrates increased central drive in depressed patients in the
evening. The response to metyrapone demonstrated sex differences; only the female
depressed patients manifested rebound B-LPH/B-end secretion in comparison to
their matched controls (ANOVA, F = 8.8, df = 1, P = .01); the males did not.

Cortisol hypersecretion and dexamethasone nonsuppression. Other studies exam-
ined whether the loss of gonadal steroids at menopause impacts HPA axis regulation
in depressed women. We conducted studies using a protocol examining baseline and
post-dexamethasone secretion of B-LPH/B-end and cortisol over the course of the
day (8 A.M.-4 P.M.). We conducted these studies on 51 depressed women; 36 were
premenopausal and 15 were postmenopausal. The premenopausal women demon-
strated a significantly lower incidence of pituitary (B-LPH/B-end) nonsuppression (n
=36; Nonsuppressor = 44%) than the postmenopausal women (n = 15; Nonsuppres-
sor = 81%). To determine which of a number of potential variables were associated
with B-LPH/B-end nonsuppression in women, a stepwise regression analysis was
done. Independent variables included: age, menopausal status, baseline B-LPH/j-
end and cortisol, severity of depression as assessed by Hamilton Depression rating
scores, and the number of previous episodes of depression. The dependent variable
was B-LPH/B-end nonsuppression. While age had a significant effect on B-LPH/B-
end nonsuppression, menopausal status was also important and, combined with cor-
tisol, gave a correlation coefficient of 0.817. This suggests that menopausal status,
in conjunction with cortisol hypersecretion, is a critical variable in the development
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of HPA dysregulation, as manifested by resistance to dexamethasone, and accounts
for 65% of the variance. Further, the lower rate of B-LPH/B-end nonsuppression in
premenopausal women suggests that gonadal steroids may modulate the HPA axis
and exert some protective effect against high levels of endogenous glucocorticoids
(cortisol).

The formulation of the glucocorticoid cascade hypothesis by Sapolsky suggested
that stress and repeated bouts of hypercortisolemia lead to downregulation of gluco-
corticoid receptors, which in turn results in further glucocorticoid hypersecretion,
eventually leading to loss of hippocampal neurons, that is, a “glucocorticoid feed for-
ward cascade.”!” His studies in rats have suggested that aging is a critical variable and
that aging rats demonstrate downregulation of GRs, failure to shut off stress-induced
glucocorticoid secretion and hippocampal neuronal loss. Aging is also associated with
HPA axis dysregulation in depression.'820 We were very interested whether recur-
rent depressive episodes with recurrent episodes of hypercortisolemia would lead to
progressive HPA axis dysregulation. We divided patients into first episode vs. recur-
rent unipolar depression, and examined differences in rates of pituitary nonsuppres-
sion. We found no association of B-LPH/B-end nonsuppression with recurrent
episodes, but within the recurrent and first-episode groups, older age was associated
with a higher incidence of HPA axis dysregulation. We also used the absolute num-
ber of episodes as a continuous variable and then examined baseline hormonal mea-
sures and post-dexamethasone hormonal measures as continuous variables or
nonsuppression as a categorical variable. Again, the data did not support the hypoth-
esis that recurrent episodes of depression were associated with progressive HPA axis
dysregulation, but rather that aging was the critical variable. Since 16 of the 20 sub-
jects over 50 were women, we cannot determine whether aging is also a factor in
men. However, aging is more important than absolute number of episodes in women,
and, the previous analysis suggested that menopausal status was the critical variable
in aging.

In summary, menopause itself is not associated with increases in plasma cortisol
concentrations, but it is associated with an increase in dexamethasone resistance in
depressed women. Resistance to dexamethasone suppression is strongly associated
with increased baseline cortisol secretion, and thus appears to reflect the develop-
ment of GR downregulation following a period of hypercortisolemia. That pre-
menopausal women demonstrate less resistance to dexamethasone suppression sug-
gests that they are more resistant to endogenous glucocorticoids and to GR
downregulation.

SPECULATIONS ABOUT PUBERTY

The finding of an increased ACTH response to stress has very important implica-
tions for our understanding of stress and stress responsiveness in human females. It
is clear that a number of diseases that have been linked to “stress” are more common
in females, including depression and other anxiety disorders. Since females demon-
strate resistance to negative feedback effects of glucocorticoids;*?-4147 this suggests
an exaggerated central CRH response to stress,*® which may explain some of the
susceptibilty of females to depression and other stress-related disorders. Additional-
ly, resistance to endogenous glucocorticoids may contribute to the increased inci-
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dence of depression. If we believe Munck’s hypothesis*® that the purpose of
glucocorticoids is to turn off not just the HPA axis to stress, but the entire stress re-
sponse, then this resistance to glucocorticoids would further exaggerate stress re-
sponsiveness in women. Studies by Frank and colleagues clearly demonstrate that
stressful life events play a role in the precipitation of depression in adolescents.’? As
girls reach puberty, these known effects of ovarian steroids on stress systems come
into play. Recent studies suggest that elevated glucocorticoids can inhibit autonomic
nervous system response,>! supporting a role for glucocorticoids in terminating
stress-induced activation of the autonomic stress system. This resistance to gluco-
corticoids may also lead to increasing levels of anxiety at puberty in girls, which may
serve to “drive” the onset of depression.>? There is evidence that the increased vul-
nerability to depression in women arises at puberty, when gonadal steroids would
further enhance stress responsiveness. Some data suggest that following menopuase,
the incidence of depression begins to decrease in women, perhaps as a consequence
of increasing sensitivity to glucocorticoids. Additionally, depressed adult women
demonstrate lower estradiol, which means that the inhibitory effects of estradiol on
stress responsiveness are less.> We would expect that adolescent girls may be in a
similar situation. Finally, while most effects of estradiol on serotonin systems are
beneficial, decreases in SHT 1A terminal receptors may further sensitize to
depression.>*
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