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INTRODUCTION:
The relationship of stress to depression and anxiety:


Depressive and anxiety disorders are widely regarded as stress-related conditions. While genetic vulnerability is critical to the development of depression, in the absence of environmental stressors, the incidence of depressive disorders is very low (Kendler et al. 1995); and in approximately 75% of cases of depression there is a precipitating life event  (Brown & Harris 1978; Frank et al., 1994). Living organisms survive by maintaining a complex dynamic equilibrium or homeostasis that is constantly challenged by intrinsic or extrinsic stressors. These stressors set in motion responses aimed at preserving homeostasis, including activation of a wide variety of neurotransmitters and neuromodulators. Corticotropin releasing hormone (CRH), vasopressin and norepinephrine are the principal central effectors of the stress response (Chrousos and Gold 1992). CRH triggers the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary corticotrope which, in turn, triggers the release of adrenal glucocorticoids. The stress response is turned off by glucocorticoid feedback at brain and pituitary sites. 


Depression and anxiety have both been conceptualized as maladaptive, exaggerated responses to stress. Abnormalities of the hypothalamic-pituitary-adrenal (HPA) axis, as manifested by hypercortisolemia and disruption of the circadian rhythm of cortisol secretion, are well established phenomena in depression (Carroll et al. 1976; Sachar et al. 1976). In addition, depressed patients are less likely than control subjects to suppress ACTH and cortisol secretion after receiving dexamethasone (Carroll et al. 1976), suggesting a decreased sensitivity to glucocorticoid feedback regulation. A constellation of factors are activated in response to stress, but corticotropin releasing hormone (CRH), vasopressin and norepinephrine are considered to be the principal central effectors of the stress response (Chrousos and Gold 1992). The assumption that anxiety disorder and depression pathophysiology involves exaggerated responses to stress is supported by evidence that CRH, vasopressin and noradrenergic systems are hyperactivated in these patients (Altemus et al. 1992; Charney et al. 1987; Bremner et al. 1997; Butler and Nemeroff, 1990; Southwick S, Krystal J, Morgan C, 1993). These systems are also hyperactivated in animal models of anxiety disorders (Coplan et al. 1996; Heim et al. 1997).  Consistent with this model linking the generation of anxiety and depression to chronic stress, is the extremely high comorbidity of depression and anxiety disorders (Kendler 1996).

Sex differences in anxiety and depression:


As well as their association with stress, another striking feature of mood and anxiety disorders is the increased prevalence of these conditions in women.  Several lines of evidence indicate that sex steroid hormones play a role in the increased vulnerability of women to anxiety disorders and depression.  Women have an increased incidence of unipolar depression and panic disorder (Weissman and Olfson 1995) which arises at puberty. The immediate postpartum period, in particular, is a time of greatly increased risk for new onset or recurrence of mood disorders (Altshuler et al. 1998; Dean et al. 1989). In some women, recurrent depressive and anxiety symptoms are limited to the premenstrual period and in others, chronic depression is often exacerbated premenstrually (Rubinow and Roy-Byrne 1984). There is also some evidence that panic disorder symptoms are relieved during pregnancy (Klein et al. 1995), and that obsessive-compulsive disorder can be exacerbated during pregnancy (Altemus, 1999-in press; Altshuler et al. 1998). Recent reports indicate that estrogen may be an effective treatment for postpartum (Gregoire et al. 1996) and perimenopausal depression (Zweifel and O'Brien 1997). 

BASIC REGULATION OF STRESS SYSTEMS

HPA axis regulation

In order to understand the sex differences in the neurobiology of stress-related psychiatric disorders, an outline of the basic mechanisms of stress regulation and current knowledge of gonadal steroid modulation is presented below.  Glucocorticoids act via multiple mechanisms, at several sites, to inhibit their own release. At the pituitary level, glucocorticoids exert direct effects on transcription of the gene for the ACTH precursor prohormone, proopiomelanocorticotropin (POMC) and subsequent ACTH peptide stores in anterior pituitary (Birnberg et al. 1982; Roberts et al. 1979; Schacter et al. 1982).  Studies have demonstrated that glucocorticoids interact with the CRH receptors in the anterior pituitary, acutely inhibiting the binding of CRH to its receptor and chronically decreasing CRH receptor number (Childs et al. 1986; Schwartz et al. 1986). 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 to modulate HPA axis activity. Early work by McEwen and colleagues (1968) demonstrated a very high affinity uptake of corticosterone in the hippocampus of adrenalectomized rats injected in vivo with radiolabelled steroids. These receptors were difficult to demonstrate in non-adrenalectomized rats, presumably because these sites were saturated under resting conditions (McEwen et al. 1970). The receptors were not labelled by [3H]dexamethasone, suggesting multiple types of glucocorticoid receptors (deKloet et al. 1975). The observation of receptor heterogeneity has been expanded upon by deKloet and colleagues, who subsequently demonstrated two glucocorticoid receptor types:  mineralocorticoid receptor (MR) which has particularly high affinity for the glucocorticoid corticosterone; and glucocorticoid receptor (GR), which preferentially binds dexamethasone (Reul and deKloet 1985). GRs are widely distributed throughout the brain, while the MRs exist predominantly in the hippocampus.  In addition to action at the pituitary and hypothalamus, there is strong evidence from animal experiments, that the hippocampus is a major glucocorticoid feedback site in the brain.

The importance of hippocampal steroid receptors in feedback regulation of stress has been demonstrated in several studies (Sapolsky et al. 1986).  Removal of the hippocampus leads to increases in anterior pituitary secretion of ß-endorphin in plasma, increased CRH mRNA in the paraventricular nucleus of the hypothalamus (PVN), and a limited induction of vasopressin mRNA in parvocellular neurons of the PVN (Herman et al. 1989).  In a formulation that may be relevant to depressive disorders, Sapolsky and colleagues (1986) have proposed the glucocorticoid cascade hypothesis, a model that describes the effects of chronic stress on hippocampal neurons.  According to this model, repeated stress, or chronic glucocorticoid administration, down-regulates hippocampal steroid receptors, but not hypothalamic or pituitary receptors (Sapolsky et al. 1986; Young and Vazquez 1996).  Animals with down-regulated hippocampal glucocorticoid receptors are slow to turn off the glucocorticoid response to stress, and demonstrate decreased sensitivity to glucocorticoid fast feedback (Young and Vazquez 1996).  This decrease in glucocorticoid receptors and insensitivity to negative feedback leads to prolonged hypercortisolism which eventually can result in atrophy of hippocampal neurons and further glucocorticoid hypersecretion. Glucocorticoid hypersecretion and hippocampal neuronal atrophy are most pronounced in aged rats, a situation possibly analogous to human depression in which there is a higher incidence of HPA axis feedback abnormalities in aged individuals (Akil et al. 1993; Halbreich et al. 1984; Lewis et al. 1984; Young et al.1995). 


There is evidence, in both animals and humans, that the stress response is sexually dimorphic and that gonadal steroids play an important role in modulating the HPA axis, acting particularly on sensitivity to glucocorticoid negative feedback (Young et al. 1993).  Gonadal steroids may influence the HPA axis feedback mechanisms through effects on glucocorticoid receptors, on brain CRH systems, or on pituitary responsiveness to CRH.  Identification of the physiological processes underlying these sex differences and the effects of reproductive hormone fluxes on mood and anxiety disorders should provide a better understanding of the pathophysiology of depression and anxiety and form the basis of new treatment approaches. To enable an understanding of the influence of gonadal hormones on the HPA axis and other neurotransmitters, an overview of gonadal steroid mechanism follows. 

Mechanisms of action of reproductive hormone


 The increased vulnerability of women to affective disorders is not an X-linked trait (Merikangas et al. 1985) but rather the increased vulnerability in women appears to arise from interactions of sex-specific hormonal and environmental factors with non-sex specific genes on other chromosomes. Variations in reproductive hormone levels occur in both sexes in utero and at puberty, and in women during the menstrual cycle, pregnancy, lactation and menopause. Although reproductive hormone levels in men are generally stable, there is a rise in androgens at puberty and a gradual reduction in androgen production with age. Estrogen, progesterone and androgens have been examined for their effects on stress and anxiety-associated neural systems.  Sex differences in mood and anxiety could arise either from the acute effects of changing reproductive hormones, or from sexual differentiation of brain structure and function during development (McEwen et al. 1997) or both. Gonadal steroids can affect brain systems known to mediate mood and anxiety through alterations in neural structure, neurotransmitter and neuropeptide signaling efficiency, neuronal excitability, and synaptic plasticity. 


Classical intracellular gonadal steroid receptors have been identified in multiple brain areas previously implicated in regulation of mood and autonomic reactivity including the hypothalamus, amygdala, hippocampus, bed nucleus of the stria terminalis and locus coeruleus (Simerly et al. 1990). Gonadal steroids easily pass through cellular membranes and bind to these intracellular receptors. Once the hormone is bound, the receptor is 'activated' and moves into the nucleus to act as a transcription factor to regulate gene expression. The effects of circulating steroid hormones can be differentially regulated in brain areas by the presence or absence of steroid receptors, different receptor subtypes, receptor isoforms which have differing activities (Auricchio 1989; Kuiper et al. 1997), and by transcriptional co-factors which can modify the effects of the activated receptor on gene transcription (Katzenellenbogen et al. 1996). Recently, another level of complexity has been added by the discovery that estrogen receptors, after estrogen is bound, can alter the activity of other steroid hormone transcription factors, including activated glucocorticoid, thyroid and progesterone receptors (Meyer et al. 1989; Uht et al. 1997; Zhu et al. 1996). In addition, androgen metabolizing enzyme activity in specific brain areas regulates the activity of androgen hormones on estrogen and androgen receptors. Testosterone can be metabolized in the brain  a) to dihydrotestosterone, a hormone with greater affinity for the androgen receptor, b) to androstendione, a hormone with less affinity for the androgen receptor, or c) metabolized by aromatase to estradiol, causing activation of estrogen, rather than androgen, receptors.  Male and female rodents have similar density of estrogen receptors in  extrahypothalamic brain areas relevant to anxiety including the hippocampus, the raphe nucleus, and the cortex.


In addition to affecting gene transcription through binding to the intracellular steroid receptors, gonadal steroids appear to act directly at the neuronal membranes. Direct membrane actions of gonadal steroids occur within seconds or minutes, more rapidly than the time required for gene transcription and protein synthesis through the classical mechanism.  Direct membrane actions of gonadal steroid include uncoupling of intracellular G-protein coupled second messenger systems, regulation of ion channels, modification of neurotransmitter receptor structure, and ultrastructural membrane remodeling (Wong et al. 1996).


Several steroid hormone metabolites are classified as 'neurosteroids' because they are synthesized by neurons and glial cells in the central nervous system (Robel and Baulieu 1995). Many of the neurosteroid hormones are produced both in the brain as well as in the periphery by the gonads and adrenal glands, which secrete them into the circulation. Thus the action of these neurosteroid hormones may vary with fluctuations in peripheral hormone and hormone precursor levels which occur during pregnancy, across the menstrual cycle, and during stress. Neurosteroids modulate neurotransmission primarily by acting directly on the neuronal membrane, but also may have direct effects on  gene transcription (Rupprecht et al. 1996). Neurosteroids have been shown to modulate and the functioning of GABAA receptors, glutamatergic NMDA receptors, and the nicotinic acetylcholine receptor. Neurosteroids can have excitatory or inhibitory effects on neuronal activity and behavior. The best documented effects of neurosteroids are the facilitation of GABA action at GABAA receptors by pregnenalone sulfate and allopregnanolone, two progesterone metabolites. Both of these steroids have anesthetic, hypnotic, and anxiolytic effects.  Potentiation of GABA transmission by these two neurosteroids is similar to the action of benzodiazepines, which act at an adjacent site within the GABAA receptor complex.

Links between HPA and Noradrenergic Function in Animal Studies: Relationship to Anxiety and Depression.  Both epidemiological and symptom cluster data suggest that anxiety and depression are closely linked. Emerging studies on stress may provide a neurobiological mechanism to explain this symptom linkage. Basic science studies on the biology of stress have suggested a central role for corticotropin releasing hormone (CRH) in the co-ordination and integration of the stress response throughout the brain (Dunn and Berridge 1990; Butler and Nemeroff 1990; Koob et al. 1993).  While the role of CRH from the paraventricular nucleus (PVN) of the hypothalamus as the releasing factor for ACTH is well established (Plotsky et al. 1989) a wealth of information from studies in rodents suggests that CRH outside the PVN appears to mediate the general stress response, including the behaviors of  decreased sleep, anorexia, inhibition of sexual receptivity, altered GI motility, decreased locomotion, increased startle reflex, and decreased exploratory behavior in novel environments (Dunn and Berridge 1990; Butler and Nemeroff 1990; Koob et al. 1993).  Additionally, a number of behavioral effects of stress have been demonstrated to be reversed by central administration of alpha-helical CRH (Butler and Nemeroff 1990), a CRH antagonist (Koob et al. 1993). The other major central component of the generalized stress, the locus ceruleus (LC), is a nucleus of noradrenergic neurons located in the mid-pons with terminal fields in the hypothalamus, hippocampus, amygdala, and throughout the cerebral cortex (Moore and Bloom, 1979).  The LC provides much of the brain's supply of norepinephrine and numerous findings have demonstrated the importance of the LC in mediating arousal.  Electrical stimulation of the LC in unanaesthetized primates produces intense anxiety, hypervigilance, and inhibition of exploratory behavior while spontaneous firing of the LC increases during threatening situations, and diminishes during sleep, grooming, and feeding (Aston-Jones et al., 1984).  In addition, acute stress in animals causes increased release of norepinephrine in several brain areas, including the hypothalamus and LC (Galvin, 1985) and increased production of tyrosine hydroxylase, the rate-limiting enzyme for norepinephrine synthesis, in the LC (Smith et al., 1991), while chronic stress increases brain norepinephrine levels and the activity of tyrosine hydroxylase (Weiss et al., 1975).  Although the LC is closely related anatomically to nuclei of the peripheral sympathetic nervous system and sympathomedullary system, both of which release catecholamines in the periphery during arousal, the degree of functional integration of the central and peripheral noradrenergic systems remains to be defined (Vieth, 1991).


Following the initial isolation and sequencing of CRH by Vale and colleagues (1981), Brown and coworkers (1982) demonstrated that injection of CRH activated the sympathetic nervous system. While it was long known that stress activated the locus coeruleus (LC), the studies by Valentino and colleagues (1989) demonstrating direct effects of CRH on locus coeruleus neurons were particularly critical for understanding the role of CRH in mediating arousal.  Subsequent studies by Aston-Jones (1991) have demonstrated that the main afferent fibers to locus coeruleus arise from the nucleus paragigantocellularis (PGi) and that these neurons contain CRH.  Thus, these anatomical data provide the mechanism for the LC production of arousal/ anxiety behavior following CRH administration.  Furthermore, studies by Plotsky et al. (1987) found noradrenergic stimulation resulted in secretion of CRH into the hypophyseal portal blood.  Consequently, it is possible that stimulation of LC noradrenergic outflow can result in activation of the HPA axis.  Finally, studies examining the effects of the HPA axis on locus coeruleus have demonstrated that cortisol may inhibit LC activity; an increase in tyrosine hydroxylase mRNA levels in LC following adrenalectomy and decreased sympathetic nervous system activation following increases in circulating plasma glucocorticoid levels have been reported (McEwen, 1995).  These studies on stress suggest an underlying mechanism by which activation of these two stress systems is both linked and dependent upon the actions of CRH.  Consequently, one can conceptualize two different but related CRH systems, the PVN/HPA axis system and the PGi/LC system.  In depression, there is clear evidence of HPA axis activation indicating CRH hypersecretion from the PVN and suggestive extra-PVN CRH hypersecretion (Butler and Nemeroff 1990).  However, animal studies suggest that central CRH administration is also an excellent model of anxiety (Butler and Nemeroff 1990).  In anxiety disorders, HPA axis activation is not prominent, but there is some evidence of extra-PVN CRH hypersecretion [Bremner, 1997; Altemus, 1992.  


Chronic antidepressant treatment inhibits stress responsive systems at multiple sites, through reductions in CRH and tyrosine hydroxylase activity, enhanced glucocorticoid receptor activity (Brady et al. 1991, Barden , Reul and Holsboer, 1995), and down regulation of arousal producing ß-adrenergic receptors (Heninger and Charney 1987). Chronic treatment with antidepressant agents also reduces both the behavioral and endocrine responses to stress (Murua and Molina 1992; Reul et al. 1993; Barden, Reul and Holsboer, 1995). Furthermore, benzodiazepines also restrain neuroendocrine stress responses as measured by adrenocorticotropin, corticosterone, and catecholamine responses to stress (Breier et al. 1992). Furthermore, chronic stress and glucocorticoids exaggerate development of fear behaviors in animals (Conrad et al. 1998; Corodimas et al. 1994; Roozendaal and McGaugh 1996).

EFFECTS OF GONADOSTEROIDS ON STRESS SYSTEM AND ANXIETY CIRCUITS:

HPA axis:

Studies in rodents support the existence of sex differences in several of the elements of the HPA axis.  Female rats appear to have a more robust HPA axis response to stress than do male rats, and there is evidence that estrogen is at least partly responsible for this sexual dimorphism.  For example, compared with male rats, female rats have a faster onset of corticosterone secretion after stress and a faster rate of rise of corticosterone (Jones et al. 1972). The increased corticosterone response is accompanied by a greatly increased ACTH response to stress in female rodents (Young 1996). Furthermore, corticosteroid binding globulin is positively regulated by estrogen and thus higher in female rats; however, estrogen and progesterone have been demonstrated to affect the HPA axis independent of the effects of CBG (Young, 1996). In addition, chronic estrogen treatment of ovariectomized female rats enhances their corticosterone response to stress, and slows their recovery from stress (Burgess and Handa 1992). Studies by Viau and Meaney (1991) demonstrate a greater ACTH and corticosterone stress response in acute estradiol treated rats compared with ovariectomized female rats, or with estradiol plus progesterone treated female rats, after short-term (24h) but not long-term (48h) estradiol treatment. This greater ACTH response in females probably results from a greater central CRH response to stress. Interestingly, a partial estrogen response element is found on the CRH gene, which is able to confer estrogen enhancement of CRH expression in CV-1 transfected cells (Vamvakopoulos and Chrousos 1993), providing a mechanism by which estradiol may enhance stress responsiveness in females.

Another mechanism by which  estrogen might increase the HPA stress response is through inhibition of glucocorticoid feedback mechanisms.  A steeper rate of rise of corticosterone is necessary to elicit glucocorticoid fast feedback in female rats than male rats (Jones et al. 1972).  Two studies (Burgess and Handa 1992; Viau and Meaney 1991) demonstrate that estrogen treatment delays the ACTH and glucocorticoid shut-off following stress in estrogen-treated female rats, compared with ovariectomized female rats.  In addition, estradiol treatment blocks down-regulation of hippocampal glucocorticoid receptors following chronic administration of RU 28362, a glucocorticoid agonist in rats.  Following long term (21 days) estradiol treatment, the potent and selective glucocorticoid RU 28362 was ineffective in blocking ether-stress-induced ACTH secretion. 

There is also evidence to indicate that progesterone, like estrogen, may dampen feedback mechanisms in the HPA axis. Work by Keller-Wood and colleagues (Keller-Wood et al. 1988) in pregnant ewes and ewes given progesterone infusions, demonstrate that progesterone can diminish the effectiveness of cortisol feedback on stress responsiveness in vivo.  In addition, progesterone demonstrates anti-glucocorticoid effects on feedback in intact rats in vivo and in vitro (Svec 1988, Duncan and Duncan 1979). Progesterone binds to the glucocorticoid receptor; while it does so with a faster binding time than glucocorticoid itself, progesterone binding is to a different site on the receptor than glucocorticoid binding (Svec 1988).  Progesterone can also increase the rate of dissociation of glucocorticoids from the glucocorticoid receptor (Rousseau et al. 1972).  In addition, in cultured rat hepatoma cells,  dexamethasone and progesterone bind to the same receptor, and progesterone is a clear competitive antagonist of dexamethasone binding.  While the majority of these effects are exerted at the glucocorticoid receptor (GR), binding studies with expressed human mineralocorticoid receptor (MR) have demonstrated an affinity of progesterone for MR receptor in a range similar to that of dexamethasone (Arriza et al. 1987). Furthermore, there was an increase in MR binding following progesterone treatment of female rats (Carey et al. 1995).  Finally, female rats have a greater number of glucocorticoid receptors in the hippocampus than male rats (Turner and Weaver 1985), and progesterone modulates immunoreactive glucocorticoid receptor distribute in hippocampus of adx rats (Ahima et al. 1992).  It should be noted that binding studies do not distinguish agonist effects from antagonist effects, so even increaseses in number could result from antagonist effects at GR.

Until recently, the lack of a reliable stress test limited studies on sex differences in stress response in humans. In the Trier Social Stress Test, subjects undergo a mock job interview in front of a panel of interviewers who are instructed not to provide any verbal or non-verbal feedback; it is a reliable and robust stressor in normal subjects (Kirschbaum et al. 1995). It has now been shown that oral contraceptives decrease the free cortisol response to a social stressor in women (Kirschbaum et al. 1995), while the treatment of normal men with estradiol for 48 hours results in enhanced ACTH and cortisol response to a social stressor (Kirschbaum et al. 1996). These data of estrogen treatment in men are consistent with results of studies in rats (Burgess and Handa 1992; Viau and Meaney 1991).  However results from studies of oral contraceptives are harder to interpret because they are synthetic steroids given at constant doses for a prolonged period of time and may differ from endogenous steroids in their effects. 

In addition to these studies on HPA responses to social stress, we and others have examined sex differences in the response of the HPA axis to pharmacologic challenges.  For example, we administered oCRH to men and women and found a 40% greater cortisol response in women, again consistent with animal studies.  As oCRH is acting at the level of the pituitary, these data suggest that ovarian steroids modulate both hypothalamic and pituitary systems separately. Data from several studies indicate that, among depressed patients, women are more likely than men to have abnormalities in HPA axis regulation such as hypercortisolemia and the generally reported hypercortisolemia of depression may be a result of the fact that samples of depressed patients usually include more women than men. (Young et al. 1991).

With respect to the influence of changes in ovarian hormones across the menstrual cycle in women, recent studies by Altemus and colleagues (1997) have found increased resistance to dexamethasone suppression during the luteal phase of the menstrual cycle, as compared to the follicular phase, a change that may again be related to either increased estradiol or progesterone during the luteal phase.  In addition, ACTH, vasopressin and cortisol responses to stress are enhanced in the luteal phase compared to the follicular phase of the menstrual cycle (Altemus et al. 1997) (Galliven, 1997) and suggesting that decreases in  glucocorticoid receptors may explain the decreased response to dexamethasone.  In a design which allows investigators to distinguish the effects of progesterone from those of estrogen, Roca and coworkers (1998a;1998b) studied control women first treated with Lupron, a gonadotrophin-releasing hormone (GnRH) agonist, which causes suppression of both estrogen and progesterone secretion, and then given sequential replacement of the two hormones.  They examined the response to exercise 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 antagonist. Thus, so far, the data from human studies suggest that ovarian steroids, and in particular 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 dysphoric 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 (Hammaback et al. 1985), estrogen and progesterone suppression by Lupron has been reported to produce significant symptom improvement in depression (Rosenbaum et al. 1996) and PMDD (Mortola et al. 1991).

The impact of stress on behavior and neural structure is sexually dimorphic


Although sex differences in HPA axis responsivity have been described above, sex differences in extrahypothalamic and behavioral responses to stress have only recently come to light.  Surprisingly, there are sex differences in the impact of stress on performance of a number of learned behaviors, including classical conditioning, operant conditioning, and conditioned fear behaviors.  In male rats, stress facilitates classical conditioning of behaviors like eyeblinking when an air puff to the eye is paired with a tone signal, while in females, stress impairs aquisition of eyeblink conditioning. This sex difference depends upon estrogen since impairment of conditioning in females was abolished by ovariectomy or treatment with an estrogen receptor antagonist, and restored by estrogen replacement (Wood and Shors 1998).  Exposure to inescapable shock reduced subsequent movement into the open arm of an elevated plus maze and shuttlebox escape performance in males to a much greater degree than in females (Kirk and Blampied 1985; Steenbergen et al. 1990).  Females rats also showed a smaller magnitude of behavior changes after exposure to acute restraint stress, but a failure of behavioral adaptation to repeated restraint stress, indicating that behavioral reactivity to stress was more persistent in females (Kennet et al. 1986).


Another surprising finding is that effects of stress on neural structure also are sexually dimorphic.  Chronic stress over 21 days produces atrophy of apical dendrites of CA3 hippocampal pyramidal neurons in males, but this effect is not seen in females (Galea et al. 1997). In a similar study, repeated swim stress over 30 days decreased CA3 and CA4 pyramidal cell number in male, but not female rats (Mizoguchi et al. 1992). Similar results were found in male and female vervet monkeys following chonic stress (Uno et al. 1989).  The reduced amounts of hippocampal atrophy found in females was unexpected since females demonstrate greater corticosterone response to stress compared to males (Galea et al. 1997) and available evidence suggests that corticosterone mediates the CA3 dendritic atrophy (Jacobson and Sapolsky 1991; Magarinos and McEwen 1995). This suggests that premenopausal women may be relatively protected from the hippocampal atrophy associated with elevated cortisol levels in humans such as Cushing's syndrome (Starkman et al. 1992) and depression (Sheline et al. 1996), as well as the hippocampal atrophy associated with increased glucocorticoid receptor sensitivity in post-traumatic stress disorder (Bremner et al. 1995; Yehuda et al. 1995).


Sex differences in developmental responses to prenatal stress have also been found.  Prenatal stress results in exaggerated behavioral and neuroendocrine stress responses in adulthood including increased emotional reactivity, increased anxiety associated behaviors, and reduced hippocampal glucocorticoid receptors.  Prenatally stressed females have increased hypothalamic-pituitary-adrenal axis responsivity and greater reductions in glucocorticoid receptor binding in the amygdala and septum (McCormick et al. 1995) as adults than prenatally stressed males.  Thus, prenatal stress has a greater impact in females than males on later hypothalamic-pituitary-adrenal axis regulation.  Perinatal manipulation of gonadal steroid hormones altered several components of brain stress response systems in adulthood including glucocorticoid receptor binding, hypothalamic CRH and vasopressin gene expression, and hypothalamic-pituitary-adrenal axis responsivity to estradiol (Patchev et al. 1995). Fear associated behaviors were not examined in these studies of sex differences in the sequelae of prenatal and perinatal stress.  

Sex differences in animal anxiety models


Although women are clearly more prone to develop panic disorder, post-traumatic stress disorder and phobias, studies of sex differences in fear behaviors have produced mixed results.  Females have been shown to exhibit reduced fear behavior in a contextual fear conditioning task but not a cued fear conditioning task in two studies (Maren et al. 1994; Markus and Zecevic 1997). Similarly, in a conditioned avoidance paradigm, males demonstrated stronger conditioned avoidance of a footshock than females (Farr et al. 1995). In addition, females demonstrate less learned helpessness than males after exposure to inescapable shock. (Heinsbroek et al. 1991).  


Increased activity levels in females compared to males, and sex differences in other behavioral parameters such as information processing, pain sensitivity, and appetite, complicate interpretation of sex differences in animal models of anxiety. In addition, sex differences may be the result of varying hormone levels in females affecting retrieval (Markus and Zecevic 1997) i.e., females may be less likely to recall a fear association if it is learned while the rat is in one estrous cycle phase, but re-exposure occurs in a different phase.

Estrous/menstrual cycle influences on anxiety systems


Behavior changes noted across the estrous cycle reflect the actions of both estrogen and progesterone. In the estrous cycle, estrogen rises precede progesterone increases, which potentiate but later antagonize the effects of estrogen. In the rat, estrogen peaks in early proestrous, progesterone peaks in late proestrous and both reach a nadir in metestrous. Because multiple hormones change with the estrous cycle, it is often difficult to gauge the influence of a particular gonadal steroid on a biological mechanism or behavior. However, it is inadequate to examine the behavioral effects of estrogen and progesterone only in isolation. Estrogen upregulates progesterone receptors in multiple brain areas (Parsons et al. 1982). Consequently, many progesterone effects on behavior can only be observed following estrogen priming (Rodier 1971).  For example, acute injections of progesterone (5 hours prior to testing) in estrogen primed rats has been shown to increase punished responding in females (Rodriguez-Sierra et al. 1986; Rodriguez-Sierra, 1984), an effect not seen with either hormone administered individually.


Many behavioral effects of estrogen have been shown to peak at 24-48 hours after exogenous estrogen dosing (Diaz-Veliz et al. 1989). This 48 hour lag for behavioral effect suggests that estrogen is working through genomic rather than nongenomic mechanisms. In the natural estrous cycle, the anxiolytic effects of estrogen are shorter in duration, possibly due to progesterone antagonism of estrogen effects.  In most behavioral paradigms, measures of fear behavior are  reduced in proestrous and estrous only 24 hours after circulating estrogen rises, while progesterone antagonism of estrogen effects is apparent during metestrous and diestrous. Reduced anxiety during proestrous and estrous is shown by less defensive burying after a shock probe was introduced to the cage (Fernandez-Guasti and Picazo 1990), increased activity in an open field (Anderson 1940; Burke and Broadhurst 1966; Gray and Levine 1964), slower aquisition of avoidance responses to footshock (Farr et al. 1995), and increased entrance into the open arms of the plus maze (Bitran et al. 1991; Diaz-Veliz et al. 1997; Mora et al. 1996; Nomikos and Spiraki 1988). Also, proestrous female rats are more sensitive to the anxiolytic effect of diazepam (Fernandez-Guasti and Picazo 1990), suggesting that similar changes in benzodiazepine sensitivity may occur across the menstrual cycle in humans.  


Female rats showed a reduction in conditioned freezing, a measure of anxiety, only on the afternoon of proestrous compared to the morning of proestrous and estrous (Markus and Zecevic 1997), more tightly corresponding to elevated levels of circulating estrogen and progesterone. The relatively rapid shift in this measure of fear, compared to other animal models of anxiety suggests a nongenomic mechanism of action of gonadal steroids on this behavior.


In contrast to the rat four to five day estrous cycle, the sequential rise in estrogen and progesterone occurs over a much longer time frame during the menstrual cycle. Thus, the behavioral effects of unopposed estrogen should be present through the late follicular and early luteal phase of the cycle, and progesterone antagonism of estrogen effects would occur in the mid luteal phase, followed by a loss of estrogen and progestone in the late luteal phase. Consequently, if estrogen has anxiolytic effects in humans, as seen in rats, these effects should be evident in the late follicular and early luteal phases of the cycle, and lost in the latter half of the luteal phase.  Indirect support for this model comes from evidence that mood elevating effects of estrogen in postmenopausal women are often reduced during periods of progesterone co-administration (Zweifel and O'Brien 1997) and that women with premenstrual dysphoric disorder generally experience increased anxiety in the late luteal phase of the cycle (Rubinow and Roy-Byrne 1984).

Effects of pregnancy on stress and anxiety systems

In addition to varying with the estrous cycle, gonadal hormones change with other reproductive events as well.  Pregnancy is accompanied by steep rises in both estrogen and progesterone, whereas the postpartum period is defined by a dramatic decrease in these steroids with the termination of gestation. Less in known of the behavioral and brain effects of adronstenendione, DHEA and other adrenal androgens which also increase markedly during pregnancy and during the luteal phase of the menstrual cycle.  Increases in plasma CBG and cortisol during pregnancy are well documented, and dexamethasone challenge studies indicate resistance to glucocorticoid negative feedback during pregnancy (Carr et al. 1981; Demey-Ponsart et al. 1982; Nolten and Rueckert 1981).  However, the degree to which post-dexamethasone hypercortisolism is simply an artifact of increased CBG levels, leading to 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 dexamethasone bioavailability.  At least one study (Nolten and Rueckert 1981) demonstrated higher free cortisol during pregnancy, higher free cortisol production following an ACTH infusion, decreased suppression of free cortisol by dexamethasone, and a normal circadian rhythm of cortisol, pointing to a change in cortisol set-point during pregnancy. Again, these data are compatible with those showing that both estrogen and progesterone and can antagonize the effects of glucocorticoids on negative feedback. 


In pregnant women, several reports suggest a reduction in panic disorder symptoms during pregnancy (Klein et al. 1995).  In contrast, several case studies and a retrospective study of obsessive-compulsive disorder reported an increase in symptom severity during pregnancy (Altshuler et al. 1998; Nezeroglu et al. 1992).  The differential course of these two disorders during pregnancy could be related to several factors, including increased cerebrospinal fluid GABA levels during pregnancy (Kendrick et al. 1988) and high progesterone levels which facilitate transmission at GABAA receptors.  GABA agonists are effective treatments for panic disorder, but are ineffective for obsessive-compulsive disorder.  Furthermore, rising gonadal steroid levels during pregnancy may lower serotonergic activity, which may be more harmful to patients with obsessive-compulsive disorder than to patients with panic disorder.

Effects of lactation on stress and anxiety systems


Lactation is associated with the unique endocrine environment of episodic secretion of oxytocin and prolactin, and suppression of the hypothalamic-pituitary gonadal axis (McNeilly et al. 1994). Studies of lactating rats demonstrate reductions in the endocrine responses to stress. Thus findings include reductions in plasma adrenocorticotropin (Lightman 1992; Walker et al. 1992), corticosterone (Lightman 1992; Walker et al. 1992), catecholamine (Higuchi et al. 1989), and prolactin (Higuchi et al. 1989; Pohl et al. 1989) responses to stressors. The inhibition of the peripheral HPA axis response is likely to be centrally mediated, because lactating rats also show significant decreases in several central nervous system responses to stress including hippocampal immediate early gene induction (Abbud et al. 1992), hypothalamic CRH mRNA production (Lightman and Young 1989), and expression of fear behaviors (Fleming and Luebke 1981; Hansen and Ferreira 1986).



In women, lactation also suppresses endocrine responses to exercise stress (Altemus et al. 1995) and autonomic nervous system responses to distressed infant cries (Weisenfeld et al. 1985). In women with panic disorder, lactation seems to ameliorate symptoms, but panic symptoms recur with weaning. A retrospective study of women with panic disorder showed a dramatic decline of panic attack frequency, but not agorophobia, during pregnancy and lactation (Klein et al. 1995). 


The physiological mechanisms mediating the reduction in stress responses in lactating women and animals is still unclear. Gaba-aminobutyric acid (GABA) levels are increased in the cerebrospinal fluid of lactating rats (Qureshi et al. 1987). Oxytocin, a neuropeptide with anxiolytic properties (McCarthy and Altemus 1997), is released centrally during lactation into the cerebrospinal fluid and at the hippocampus and lateral septum (Kendrick et al. 1986; Kendrick et al. 1988; Neumann and Landgraf 1989) in both sheep and rats. The only study of central oxytocin administration in humans found an analgesic effect in subjects with back pain (Yang 1994).   Production of neuropeptide Y, an anxiolytic neuropeptide, is also greatly enhanced during lactation (Smith 1993).   In animals, prolactin also has been demonstrated to blunt hormonal responses to stress (Endroczi and Nyakas 1972; Schlein et al. 1974), but non-reproductive behavioral effects of prolactin have received little attention. 


Lactation-induced suppression of endocrine, autonomic and behavioral response to stress may have several adaptive functions for both the mother and her infant. For instance, conservation of energy needed for synthesis of milk would be promoted both by reduced tonic sympathetic outflow and by inhibition of HPA axis activation and the associated catabolic effects of glucocorticoid secretion. Additionally, inhibition of CRH and catecholamine release could minimize psychological arousal or anxiety associated with the demands or infant care, thereby potentially facilitating maternal behaviors. Reduced psychological reactivity during lactation could also attenuate reductions in milk release known to occur with stress (Newton and Newton 1948).

Stress effects on serotonin

Serotonergic systems play an important role in both stress responsivity and anxiety.  A fundamental hypothesis of the etiology of anxiety and depressive disorders is that these disorders may be due to a relative deficiency of serotonin. This is based primarily on animal studies and also on the antidepressant and anxiolytic efficacy of serotonin reuptake blockers.  Preclinical studies indicate that chronic administration of these drugs increases the efficiency of serotonergic neurotransmission in rats (el Mansari et al. 1995)). To date fourteen serotonin receptor subtypes have been identified, some of which may have separate and opposing actions with reference to anxiety.  Activation of the 5HT3 postsynaptic receptor seems to produce anxiogenic effects while activation  of 5HT1A and possibly  5HT2C postsynaptic receptors seems to have a more anxiolytic effect. 

Both stress and glucocorticoids modulate serotonin transmission.  Acute stress levels of glucorticoids increase serotonin turnover and increase the responsiveness of hippocampal neurons to 5HT1A receptor stimulation (Meijer and de Kloet, 1998; McEwen, 1995).  When elevated levels of glucocorticoids persist such as following chronic social stress, downregulation of hippocampal 5HT1A receptors occur while 5HT2 receptors in the cerebral cortex are upregulated (McEwen, 1995).   In addition, 5HT2C receptors are increased following corticosterone adrenectomy, and normalize following corticosterone replacement (Meijer and de Kloet, 1998).  Animal studies demonstrate that chronic treatment with high doses of glucocorticoids lead to decreased serotonin receptor mediated responses, similar to the picture observed in depressed patients, although the exact mechanism of this hypofunctional serotonin state is unclear (Meijer and de Kloet, 1998).  This hypofunctional serotonin state may have further consequences for glucocorticoid secretion, since serotonin appears to be an important regulator of glucocorticoid feedback.  Antidepressants which increase serotonin cause increases in glucocorticoid receptor number and can reverse the increased glucocorticoid secretion seen in depressed humans and in transgenic mice who have been genetically altered to demonstrate reduced glucocorticoid receptors and increased glucocorticoid secretion (partial GR knockout) (Barden et al, 1995).  Lesions of the serotonergic input to the hippocampus, an important site in inhibiting glucocorticoid secretion, does produce in decreased glucocorticoid receptor expression and increased glucocorticoid secretion (Seckl and Fink, 1992).

Sex differences in serotonin systems:

  Gonadal steroids appear to modulate anxiety, at least in part, through effects on serotonergic systems.  Overall, the literature suggests that estrogen enhances the efficiency of serotonergic neurotransmission.  Basic science studies indicate that there are clear sex differences in brain  serotonin systems some of which may depend upon estrogen and others upon testosterone.  The serotonin content and uptake in multiple areas of forebrain, hypothalamus and limbic system are higher in females then males (Haleem et al, 1990, Borisova et al, 1996, Carlsson & Carlsson, 1988).   5HT1C and 5HT2 receptor binding in the dentate gyrus or CA4 regions of the hippocampus is similar in males and females in rats; however, the 5HT1A receptor binding in CA1 region of hippocampus is higher in female rats and ovariectomy had no effect on this sex difference (Mendelson & McEwen 1991).  Stress has been shown to cause greater increases in serotonin in female rats in multiple areas of brain (Heinsbroek et al, 1990).  More recent studies have found that estradiol increased serotonin transporter binding in female rat brains (McQueen et al, 1997), as well as stimulating an increase in 5HT2A binding sites in limbic cortex (Fink et al 1996). Limited evidence suggests that like estrogen, progesterone may upregulate 5HT2 receptors (Biegon et al. 1983), and increase serotonin content (Pecins-Thompson et al., 1996).  However, no consistent effects of progesterone administration on serotonin function have been identified. There also is evidence that testosterone has opposing effects to estrogen on serotonergic activity. Reductions in androgenic steroid have been associated with enhancement of central serotonergic activity (Bonson et al. 1994; Fishette et al. 1984; Matsuda et al. 1991). In addition, administration of testosterone has been associated with reductions in central serotonergic activity (Martinez-Conde et al. 1985; Mendelson and McEwen 1990).


Studies of sex differences in serotonin systems in humans are more limited.  Sex differences in the prolactin and cortisol responses to serotonin agonists have been reported, with women showing greater response to the serotonergic challenges (Monteleone et al, 1997; Ryan et al, 1992, Lerer et al, 1996, Gelfin et al, 1995).  However, estrogen regulates prolactin synthesis as well as cortisol secretion so greater responses in women do not necessarily indicate serotonin receptor differences.  One study examining 5HT2 receptors on platelets in children, found a suggestion of increased binding in teenage girls after the age of 14, but the study was clearly limited by a small sample size of post pubertal adolescents (Biegon and Greuner, 1992).  Incubation of human platelets with sex steroids had no direct effects on serotonin uptake (Ehrenkranz, 1976).  Depressed women have a higher density of 5HT2 receptors on platelets than male depressed patients (Hrdina et al, 1995).  No sex differences have been found in serotonin metabolites in cerebrospinal fluid of normal subjects (Leckman, 1994; Yoshino, 1982).  One postmortem study examining serotonin binding in human brain found no sex differences (Marcusson et al, 1984); while another reported increased 5HT2 binding in frontal cortex in women (Arato et al, 1991).  One PET imaging study found no sex differences in 5HT2A in brain (Baeleen et al 1995).  It should be noted that many of the human studies were conducted before an understanding of multiple serotonin receptors existed, so many of the compounds used to detect serotonin receptors were non-specific.  It is likely that there are sex differences in serotonin systems in humans and the differences may be larger in depressed women compared to depressed men than the differences seen in normal subjects. Of note, the two illnesses shown to have a specific response to serotonergic antidepressants, premenstrual syndrome (Eriksson et al. 1995) and obsessive-compulsive disorder (Greist et al. 1995) appear to be particularly sensitive to changes in gonadal steroids.

Sex differences in glutamate systems

Another factor influenced by ovarian hormones and involved in the stress response is glutamate. Glutamate is the primary excitatory transmitter in brain.  Activation of glutamate systems induces anxiety, long term potentiation (an electrophysiological animal model of learning) and, in higher doses, seizures.  Estrogen activation of the NMDA and non-NMDA types of glutamate receptors (Gazzaley et al. 1996; Smith 1989; Weiland 1992; Wong and Moss 1992) may contribute to estrogen and proestrous associated reductions in seizure threshold (Buterbaugh and Hudson 1991; Terasawa and Timiras 1967; Teyler et al. 1980) as well as increases in long-term potentiation during estrogen and during progesterone treatment (Warren et al. 1995; Wong and Moss 1992). These changes in seizure threshold and long-term potentiation are compatible with observations of increases in synaptic density and number of dendritic spines in the CA1 nucleus of the hippocampus during estrogen treatment and on proestrous (Woolley and McEwen 1992).   NMDA receptor activation has been shown to mediate estrogen-induced increases in synaptic density in CA3 region of the hippocampus (Woolley and McEwen 1994).  The effects of estrogen on glutamatergic transmission appear to involve both genomic and nongenomic mechanisms. 


However, estrogen potentiation of glutamatergic receptors does not seem consistent with estrogen associated reductions in anxiety, since glutamate agonists increase a variety of fear behaviors. However, although estrogen treatment reduces seizure threshold in the hippocampus and medial amygdala, it raises seizure threshold in the lateral nucleus of the amygdala (Terasawa and Timiras 1967).  The lateral nucleus plays an important role in generation of conditioned and unconditioned fear behaviors (LeDoux 1996). These differential effects suggest a mechanism whereby estrogen may enhance memory, but also decrease anxiety. Another mechanism contributing to this inverse relationship between seizure threshold vs. fear behavior may be tonic inhibition of amygdala activity by the hippocampus (Gray 1982). Rats with bilateral hippocampal lesions demonstrate enhanced fear-associated behaviors including enhanced acquisition of conditioned avoidance (Pitman 1982; Port et al. 1991) and delayed extinction of conditioned responses (Devenport 1978; Schmaltz and Isaacson 1967).

Sex differences in GABA systems


The amino acid GABA, synthesized from glutamate, is the primary inhibitory neurotransmitter in the brain. The GABAA subtype of GABA receptor, which is widely distributed in the central nervous system, primarily post-synaptically, inhibits neuronal firing by opening a Cl- channel. The GABAA receptor, the benzodiazapine binding site, and the Cl- ionophore are part of a single macromolecular complex. A number of progesterone metabolites and other neurosteroids potentiate GABA activity by binding to the GABAA receptor.


Estrogen also has multiple effects on GABA systems consistent with its of anxiolytic effects.  Estrogen increases GABA receptor binding in hippocampus (Schumacher et al. 1989) and GABA activity is enhanced at proestrous in the lateral septum. Finally, production of mRNA for the enzyme glutamic acid decarboxylase, the rate limiting step for GABA synthesis, is enhanced in hippocampus (Weiland 1992) and midbrain central grey (McCarthy et al. 1995) during estrogen treatment. Progesterone administered alone had no effect on GABA receptor binding (Schumacher et al. 1989), but antagonized the estrogen-induced hippocampal glutamic acid decarboxylase mRNA increase when co-administered with estrogen (Weiland 1992).  The observation that the response to diazepam is enhanced in estrogen treated rats (McCarthy et al. 1995) is consistent with these neurobiological studies and suggests that estrogen may increase sensitivity to benzodiazepine treatment in humans.

CONCLUSIONS
The finding of an increased ACTH response to stress in females, compared with males, has important implications for our understanding of stress and stress responsiveness in women. Several stress-associated disorders are more common in women, such as depression and anxiety disorders, including post-traumatic stress disorder (PTSD) (Kessler et al. 1994). If indeed there is an exaggerated central CRH response to stress in women, this may explain some of their increased susceptibility to these disorders. Additionally, resistance to the feedback effects of endogenous glucocorticoids, as described above, may contribute to the increased incidence of stress-related conditions in women.  Indeed, Munck and Guyre (1986) hypothesize that the purpose of glucocorticoids is to terminate, not just the HPA axis stress response, but the entire stress response.  For example, recent studies suggest that glucocorticoids can inhibit the autonomic nervous system response (McEwen 1995), supporting a role for glucocorticoids in terminating stress-induced activation of the autonomic stress system.  Thus, women's increased resistance to glucocorticoids, compared with men, could exaggerate stress responsiveness in a number of physiological systems. 


As described above, it is possible that estrogen and progesterone antagonism of glucocorticoid feedback mechanisms, and the increased stress responsiveness of females, contribute to the increased prevalence of anxiety disorders and autonomic hyperarousal  in women compared with men.  However, this is modulated by the fact that estrogen and progesterone also appear to be anxiolytic, independent of effects on the HPA axis, so that it is not always possible to predict the final effects of ovarain steroids.  Clinical data suggest that some reproductive hormones, particularly estrogen and androgens, may potentiate psychiatric symptoms in some individuals.  Because the gonadal steroids have so many effects on multiple brain systems, effects of these hormones are likely to vary among individuals, based on underlying differences in target neurochemical systems. For example, women with low serotonin levels or low serotonergic tone may experience increases rather than decreases in anxiety and irritability in the premenstrual phase of the cycle, as progesterone antagonizes a pro-serotonergic effect of estrogen and then estrogen levels also drop. Future studies with inbred rat strains with stable neurobiological variations may identify strains with similar, paradoxical behavioral responses to estrogen and progesterone.


The fact that women have much greater and repetitive fluxes in reproductive hormones over the lifespan may enhance the potential for dysregulation of a wide variety of brain neurochemical systems. In addition, as noted above, organizational differences between male and female brains are caused by exposure to high levels of gonadal steroids in the pre- and peri-natal periods.  The interactions of these organizational effects in females with cyclical gonadal steroid hormone changes following puberty, followed then by menopause and the loss of these same steroids, suggest that stress responsiveness and susceptibility to stress related disorders could vary substantially over the lifetime of women.  There is certainly evidence that women's increased vulnerability to depression arises at puberty, when gonadal steroids could further enhance HPA axis responsiveness (Kessler et al. 1993). Additionally, the evidence linking stress and glucocorticoids to hippocampal damage and subsequent memory problems (Issa et al. 1990), and the important role that gonadal steroids may play in protection from these effects in premenopausal women, imply that further research is needed into the interaction of stress, menopause and memory impairment.

