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Abstract

Activation of the hypothalamic-pituitary-adrenal (HPA) axis is a basic response of animals to
environmental perturbations that threaten homeostasis. These responses are regulated by neurones
in the paraventricular nucleus of the hypothalamus (PVN) that synthesise and secrete corticotrophin-
releasing hormone (CRH). Other PVN neuropeptides, such as arginine vasopressin and oxytocin,
can also modulate activity of CRH neurones in the PVN and enhance CRH secretagogue activity of
the anterior pituitary gland. In rodents, sex differences in HPA reactivity are well established; females
exhibit a more robust activation of the HPA axis after stress than do males. These sex differences
primarily result from opposing actions of sex steroids, testosterone and oestrogen, on HPA function.
Ostreogen enhances stress activated adrenocorticotrophic hormone (ACTH) and corticosterone
(CORT) secretion, whereas testosterone decreases the gain of the HPA axis and inhibits ACTH and
CORT responses to stress. Data show that androgens can act directly on PVN neurones in the male
rat through a novel pathway involving oestrogen receptor (ER)B, whereas oestrogen acts
predominantly through ERa. Thus, we examined the hypothesis that, in males, testosterone
suppresses HPA function via an androgen metabolite that binds ERp. Clues to the neurobiological
mechanisms underlying such a novel action can be gleaned from studies showing extensive
colocalisation of ERB in oxytocin-containing cells of the PVN. Hence, in this review, we address the
possibility that testosterone inhibits HPA reactivity by metabolising to 5a-androstane-3p,17p-diol,
a compound that binds ERp and regulates oxytocin containing neurones of the PVN. These findings
suggest a re-evaluation of studies examining pathways for androgen receptor signalling.
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There exists a close relationship and overlapping function between, testosterone and oestradiol;
a relationship based on numerous observations that testosterone can be converted to oestradiol
in a number of tissues, including brain (1), by the aromatase enzyme. Testosterone can also be
converted to a more potent androgen, dihydrotestosterone (DHT), by the 5-a reductase enzyme
(2). DHT has been considered a prototypical androgen receptor (AR) agonist, with potent
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activity at the AR but with no ability to be aromatised to oestrogen-like metabolites. By
contrast, recent data indicate that DHT may likewise be converted to products with oestrogen-
like activity, but by enzymes other than aromatase. These DHT metabolites could play an
important role in regulating nonreproductive functions such as stress reactivity in the male
rodent. Such a paradigm shift may have important ramifications regarding how we interpret
previous and future studies concerning gonadal steroid hormone regulation of brain function.

The hypothalamic-pituitary-adrenal (HPA) axis

In rodents, adrenal corticosterone (CORT) secretion is controlled by the activity of a
neuroendocrine axis that involves the hypothalamus, the anterior pituitary and the adrenal
gland. This HPA axis represents a cascade of neural and humoral signals driven by both the
circadian pacemaker as well as the environment. Changing environmental conditions or
perceived threats to homeostasis activate the HPA by funneling information through neurones
located in the paraventricular nucleus of the hypothalamus (PVN), a critical brain region that
integrates excitatory and inhibitory inputs. Central to HPA axis regulation are neurones in the
parvicellular part of the PVN that contain corticotrophin-releasing hormone (CRH). The
release of CRH to the hypophyseal portal system enhances synthesis and release of
adrenocorticotrophic hormone (ACTH) from the anterior pituitary. In turn, ACTH acts on the
adrenal cortex to stimulate synthesis and secretion of CORT. Circulating CORT subsequently
acts at the level of the pituitary, hypothalamus and higher brain areas to limit further hormone
secretion (3,4).

Sex differences in the HPA axis response to stress

Androgen

Sex differences in the ACTH and CORT response to a stressor have been consistently reported
in the literature (5,6). The neuroendocrine response of female rodents to acute stress is
reportedly more robust than that of males. This enhanced reactivity of the female stress
response is characterised by a greater and prolonged secretion of ACTH and CORT, suggesting
a greater stimulus as well as a reduced negative feedback (7). Consistent with these findings,
females also have higher levels of corticosteroid binding globulin, a liver-derived plasma
protein that binds and sequesters corticosterone from its receptor (8). Moreover, gonadectomy
of both males and females reduces the sex difference, whereas treatment of gonadectomised
animals with oestradiol enhances, and testosterone treatment inhibits, HPA reactivity.
Currently, the mechanisms by which testosterone and oestradiol act to influence HPA function
have not been completely resolved. Evidence of oestradiol and testosterone acting at the adrenal
gland (9), anterior pituitary (10-12) and hypothalamus (13-16) have been reported. Although
contributions of each level of the axis likely mediate the sex differences in HPA function, in
this review, we focus our attention on the hypothalamic effects of the androgenic component
of this regulation.

regulation of the neuroendocrine response to stress

Testosterone acts upon the HPA axis in an opposing fashion to that of oestradiol (5,11), which
seemingly rules out a role for aromatisation of testosterone to oestradiol as an underlying
mechanism. Gonadectomy of male rats increases CORT and ACTH responses to stress, and
correspondingly, c-fos mMRNA expression in the PVN is elevated (13,15,17). Hormone
replacement of gonadectomised rats with either testosterone or the non-aromatisable androgen,
DHT, returns stress-responsive plasma CORT and ACTH levels back to that of the intact male
(17). Treatment of gonadectomised animals with DHT also inhibits the stress-induction of c-
fos mMRNA in the PVN (14,15,18,19) further demonstrating that the effects of testosterone are
likely not due to the aromatisation of testosterone to oestradiol. Evidence that androgen can
regulate the HPA axis also comes from studies examining the HPA response to stress in pre-
and post-pubertal male rats. Prior to puberty, when testosterone levels are low, the CORT

J Neuroendocrinol. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Handa et al.

Page 3

response to acute and chronic stress is high relative to the response seen after puberty (20,
21), which corresponds to elevations in testosterone that occur during the pubertal transition
of males. However, the involvement of testosterone in this mechanism is not absolute because
Romeo et al.(22) have demonstrated that testosterone alone cannot shift the pattern of HPA
regulation in pre-pubertal males to that of post-pubertal males.

Further evidence for AR involvement in controlling HPA axis function comes from studies
utilising rodents with the testicular feminisation mutation (Tfm), which lack functional ARs
(23,24). Compared to their wild-type male siblings, Tfm mice show increased CORT levels
both at baseline and after exposure to an acute stressor. However, Tfm mice also have low
levels of circulating testosterone, so these differences in CORT cannot be directly attributed
to AR deficiency (25). A more compelling argument for AR regulation of the HPA axis comes
from studies in Tfm rats. Tfm male rats have higher testosterone levels than wt males but,
similar to Tfm male mice, they show elevated CORT levels after acute stress (Zuloaga et al.,
unpublished data).

Although androgens can inhibit HPA axis function (13) and reduce CRH immunoreactivity in
the PVN (26), ARs are not localised in CRH or arginine vasopressin (AVP) neurones within
the PVN (26). AR immunoreactivity (-ir) has been found in some PVN neurones, but these
AR-ir neurones are in the dorsal parvocellular and the ventral medial parvocellular parts of the
PVN. These regions contain non-neurosecretory neurones that project to spinal cord and brain-
stem autonomic nuclei (27). Consequently, it has been hypothesised that androgens regulate
PVN neuropeptide expression and secretion trans-synaptically (16). Data supporting this
hypothesis comes from studies showing that implantation of testosterone into the medial
preoptic area (MPOA) and bed nucleus of the stria terminalis (BnST), brain regions that provide
afferent input to the PVN, can reduce the CORT response to acute stress (16). Further,
retrograde tracing studies have shown that AR-ir can be found in neurones of the BnST, but
not the septum, that project to the PVN (28). The BnST and MPOA, are two areas that provide
inhibitory signals to PVN function (16). The distribution of AR overlaps considerably with
glutamic acid decarboxylase (GAD) immunoreactivity in the MPOA and BnST. Because GAD
isan enzyme necessary for production of the inhibitory neurotransmitter, gamma-aminobutyric
acid (GABA), these data suggest this as a potential mechanism for androgenic inhibition of
PVN reactivity to stress.

Androgens may also regulate HPA reactivity by direct action at the level of the PVN.
Stereotaxic application of DHT to a region just above the PVN (to prevent mechanical
disruption of the PVN) is as effective as peripherally administered DHT in inhibiting HPA
function (14). Zhou et al. (29) have shown that AR-ir is present in neurones in the parvicellular
part of the PVVN and that a small population of AR-ir neurones contain AVP, although another
study failed to see AR-ir in AVP and CRH neurones (30). Alternatively, it is also possible that
androgens can work though a membrane AR to inhibit HPA reactivity. However, few studies
to date have explored such rapid membrane associated effects of androgens in any neural
function (31). Nonetheless, the possibility that androgens can work at multiple levels to inhibit
the neuroendocrine responses to stress must be considered.

Given the limited distribution of AR in the PVN, it is likely that the inhibitory effect observed
for androgen occurs through a multisynaptic pathway that involves activation/inhibition of
pathways controlling the autonomic nervous system and the resulting feedback loops that
inhibit activity of neurosecretory PVN neurones. An additional hypothesis is that DHT does
not act through ARs found in PVN neurones, but rather activates another type of receptor found
in or near the PVN. Although DHT has been historically viewed as a pure AR agonist, recent
studies suggest that, similar to testosterone, DHT can be metabolised to compounds that can
bind oestrogen receptors (ERs), particularly ERp.
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Neural oestrogen receptor distribution relative to HPA axis function

Androgen

ARs and ERs belong to a superfamily of ligand activated transcription factors that are
characterised by their ability to directly alter gene transcription by binding to hormone response
elements in DNA (32,33). The classical DNA target for ER is the oestrogen response element
and, for AR, the androgen response element; however, many hormone responsive genes lack
these elements (34). Alternate sites in some gene promoters, such as activator protein-1 and
selective promoter factor-1 could serve as targets through which some of these hormone
receptors can modify transcription through protein—protein interactions (35-37).

Several types of oestrogen receptors have been described in the literature, with ERa and
ERP being the most widely explored. Following early reports describing ERp (38), its MRNA
was shown to be expressed at high levels by neurones within the PVN (39) and this localisation
corresponded with ERB-ir (40-42). A large percent of ERB-ir cells in PVN are AVP positive,
but ERB is also found in most oxytocin and prolactin (43-46) neurones and some CRH
containing neurones of the PVN (40,46,47). This suggests that, by binding to ERp, oestradiol
could directly alter the function of PVN neuropeptide neurones. By contrast, ERa is found at
low levels and only in the periventricular PVN and rarely in CRH, AVP or oxytocin neurones
(46,48,49), thereby ruling out a direct action of oestradiol as mediated through ERa on PVN
responses to stress. However, ERa is colocalised with GAD67-ir, one of two enzymes involved
in the synthesis of the inhibitory neurotransmitter, GABA, in neurones surrounding the PVN.
One interpretation from this localisation would be that ERa can modulate inhibitory input to
the PVN, thus affecting HPA axis function through trans-synaptic mechanisms (50).

metabolism

The metabolism of steroid hormones in both central and peripheral tissues has been extensively
studied. Figure 1 shows the pathway of androgen synthesis and some of the main enzymes
involved in the synthesis of testosterone and oestradiol from the steroid precursor, cholesterol.
In both males and females, testosterone serves, not only as a ligand for AR, but as a precursor
for other steroids. It is well established that testosterone can be intracellularly converted in
brain tissue to oestradiol by the aromatase enzyme (51), or to DHT by the 5a-reductase (5aR)
enzyme (52). DHT has historically been used as an agonist for androgen receptors since it is
not a substrate for aromatisation to oestradiol. Furthermore, whereas oestradiol binds both
ERa and ERP with an affinity in the sub-nanomolar range (53), it does not bind well to AR
(54). Correspondingly, DHT binds with high affinity to AR but does not bind ER (54,55).

The selectivity of the steroid metabolising enzymes is not absolute. For example, DHT can be
further metabolised to 5a-androstane-3a,17p-diol (3a-diol) or 5a-androstane-3p,17B-diol
(3B-diol) by the actions of a number of enzymes of the aldo-keto reductase superfamily
including 3a hydroxysteroid dehydrogenase (3a-HSD), 3B hydroxysteroid dehydrogenase
(3B-HSD) and 17B-hydroxysteroid dehydrogenase (17p-HSD) (56-60). All of these enzymes
are also involved in the pathways for synthesis and metabolism of other steroids.

Androgen metabolites 3a-diol and 3p-diol possess only weak androgen receptor binding
activity, but they may initiate responses through other receptor types. For example, 3a-diol is
aneuroactive steroid and, similar to other 3o tetrahydrosteroids, is a potent allosteric modulator
of GABAa receptors. As a result, 3a-diol has been implicated in the regulation of a several
behaviors (61-64). By contrast, 3p-diol cannot bind the benzodiazepine receptor (M. J. Weiser
and R. J. Handa, unpublished data) but, if its actions are similar to other 3B-tetrahydrosteroids,
it may be an antagonist of 3a-tetrahydrosteroids at the GABAA, receptor (58). Importantly,
3p-diol has been reported to preferentially bind ERp, whereas 3a-diol has much lower affinity
for ERB or ERa (53). Moreover, the conversion of DHT to 3a-diol is reversible, and therefore
3a-diol can serve as a sink for subsequent DHT synthesis (65). This is not the case for 3p-diol
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where conversion is unidirectional. Ultimately, 3p-diol is converted to inactive 6a- or 7a-triols
by the actions of the enzyme CYP7B1, thereby providing another potential site of regulation
for this system (60,66).

The brain contains the necessary steroid metabolising enzymes to convert DHT to 3B-diol
(67) and we have hypothesised that in some brain areas the actions of testosterone could be
mediated by its 5a reduction to DHT and its subsequent conversion to 3p-diol. The net result
is a product that can bind to and activate ERp and not AR. This endocrine pathway exists in
numerous tissues, but its functional significance was first suggested for the prostate gland
(60), where it has been proposed that 3p-diol is the predominant endogenous oestrogen.
Moreover, our data indicate that the mRNAs for 5aR, 3a-HSD,173-HSD and CYP7BL1 are
present in the PVN of male rats (14). Curiously, we did not detect 3p-HSD mRNA in the
microdissected PVN (14); however, enzyme activity assays indicate that cells within the
microdissected PVN are capable of producing 3p-diol from a 3H-DHT precursor in vitro (R.
J. Handa, unpublished data). Such results indicate that other members of the aldo-keto reductase
superfamily, such as 3a-HSD or 17p-HSD, may be responsible for this conversion (58).

3B-Diol regulation of the HPA axis

To address the hypothesis that the inhibitory effects of DHT on HPA axis reactivity to stress
might be mediated by 3p-diol, Lund et al. (17) examined the ability of peripherally
administered 3p-diol to alter stress-responsive CORT and ACTH secretion in castrated adult
male mice. Peripheral 3B-diol treatment was as effective as peripheral DHT administration in
reducing the rise in CORT and ACTH after restraint stress. These effects of 3p-diol were
blocked by co-administration of the ER antagonist, tamoxifen, but not by the AR antagonist,
flutamide. Furthermore, the ERp agonist, diarylpropionitrile (DPN), was also capable of
inhibiting HPA reactivity in a fashion similar to DHT and 3p-diol. Taken together, these results
provide correlative evidence that 3p-diol mediates the effects of DHT on CORT and ACTH
secretion by binding ERp.

Further evidence as to the site of the HPA inhibiting activity of 3p-diol was provided recently
by Lund et al. (14). Using small pellets of beeswax as a carrier for hormone, they discovered
that the stereotaxic application of 3f-diol to the PVVN of castrated male rats mimics the actions
of both central and peripherally administered DHT. Furthermore, local application of an
ERP selective agonist, DPN, also mimics the actions of DHT. These inhibitory actions of 3p-
diol and DPN can be blocked by the co-administration of the ER antagonist, tamoxifen, whereas
the AR antagonist, flutamide has little effect. By contrast, both tamoxifen and flutamide only
partially block the inhibitory actions of local DHT application, suggesting that there still exists
some role of androgen receptors in the actions of DHT. Such data indicate that local synthesis
of 3p-diol by cells in or around the PVN can profoundly impact HPA reactivity to stressors.
Furthermore, these data indicate that compounds that bind ER can act in an inhibitory fashion.
This latter point appears to be counter-intuitive to results demonstrating that oestradiol
treatment of female rats increases their CORT response to stress. However, it is important to
note that oestradiol appears to act through ERa to augment HPA reactivity. The ERa selective
agonist propylpyrazole triol has an action opposite that of ERp agonists, causing an increase
in HPA reactivity to restraint stress (14). This raises the possibility that oestrogen increases
HPA reactivity by binding ERa in females and that 3p-diol works to inhibit HPA reactivity by
binding ERp in males.

How then, can the HPA axis distinguish the enhancing from inhibiting actions of compounds,
such as oestradiol, that bind equivalently to both ERo and ERB? Our studies show the presence
of aromatase mMRNA in or near the PVN (14), and this fact presents a potential interpretive

problem for the oestradiol regulation of the HPA axis in both males (as a result of aromatisation
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of testosterone to oestradiol) and females. One possibility lies in the ratio of ERa to ERp that
exists within neurones in and around of the PVVN. One could argue that a greater ratio of
ERa to ERP results in a shift towards greater oestradiol-induced stimulation and the opposite
would be true under conditions where ERp was greater than ERa. Unfortunately, changes in
the ratios of ERa and ERp have not been described in any brain region to date, although it has
been demonstrated that levels of receptor might change in response to circulating
concentrations of hormones, particularly adrenal steroids. For example, stress and
adrenalectomy can increase ER mRNA levelsin the PVN (68) and the effect of adrenalectomy
can be partially blocked by corticosterone, and another study indicated that adrenalectomy
decreases ERp mRNA levels and corticosterone prevents this response (69). Furthermore,
glucocorticoid receptor stimulation with dexamethasone increases ERp mRNA and
immunoreactive cell numbers without altering ERa (42), thus shifting the balance toward
inhibition. By contrast, oestradiol appears to reduce ER3 immunoreactivity in neurones around
the PVN (42), thereby shifting the balance toward activation.

An emerging alternative explanation comes from the observation that transactivation of a gene
promoter sequence by ER, after binding oestradiol, does not completely mimic the activation
of the same promoter by 3B-diol. For example, using in vitro reporter gene assays, Pak et al.
(70) have shown that, in the presence of ERp, 3p-diol is a more potent activator of the human
AVP promoter than is oestradiol, even though oestradiol has much greater binding affinity for
ERP than does 3p-diol. Hence, there is the potential for ligand identity to control the inhibitory
actions of ERp, and this may be a unique feature for 3p-diol gene activation, which is different
from that observed after oestradiol binding. On a molecular level, these differences may be in
part explained by the recruitment of different coregulatory proteins based on how the ligand
fits within the ligand binding domain and alters the folding of the receptor; however, these
studies await to be performed.

A third explanation may be found in the interactions of ERa and ERp. ERp has been shown to
form heterodimers with ERa and, in doing so, are thought to act in a dominant negative fashion
(71). Although possible for hormonal regulatory systems where ERo and ERp are coexpressed
by regulatory cells, this does not appear to be the case in the PVN, where ERa and ERp are
found in non-overlapping neuronal populations (46).

Oxytocin as a neuropeptide mediating the actions of ERB

Oxytocin is a neuropeptide synthesised by neurones in the PVN and supraoptic nucleus (SON),
which classically functions as a mediator of parturition and lactation. A number of studies
report that oestrogen can increase oxytocin expression in brain (72-74). This effect appears to
be mediated by ER because ERP knockout mice, unlike wild-type mice, do not show increases
after treatment with oestrogen (73,75). Furthermore, a number of anatomical studies have
identified ERp in oxytocin neurones of the PVN of rats and mice (43-46). Interestingly,
oxytocin neurones in the SON are devoid of ERp (46).

Increasing evidence shows that oxytocin possesses anxiolytic properties and brain oxytocin
can inhibit the activity of the HPA axis of both sexes (76—78). This effect is characterised by
altered responses of parvocellular PVN neurones similar to those observed after ERp activation
(14). For example, intracerebroventricular (i.c.v.) administration of oxytocin decreased
anxiety-related behaviors, the CORT and ACTH response to stress, and the induction of c-
fos expression in PVN neurones (78-81). By contrast, peripheral administration of oxytocin
enhances HPA responses to stress, acting at the level of the anterior pituitary (82,83). Moreover,
oxytocin knockout enhances CORT secretion after shaking stress (84) and blockade of oxytocin
receptor, also enhances HPA reactivity (77). Furthermore, synaptic contacts have been reported
between CRH and oxytocin neurones in the PVN (85).
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Our previous results raise the question as to the mechanism whereby oxytocin/ERp neurones
can influence HPA reactivity. One possibility would be that oxytocin is released locally to
PVN neurones to inhibit responses. Neurones within the PVVN are sensitive to oxytocin (86),
and oxytocin receptors are found in PVN (87,88). Furthermore, oxytocin release in the PVN
during stress has been demonstrated (89-91), and it results from dendritic release from
magnocellular oxytocin neurones (92). The above possibility is further supported by
microdialysis experiments showing a release of oxytocin and/or AVP within the hypothalamus
that is dissociated from neurohypophysial secretion (91). More direct evidence for an action
of oxytocin within the PVN comes from the observation that infusion of an oxytocin antagonist
directly into the PVN enhances the stress response (76,77). However, if oxytocin does have its
primary action within the PVN, it is not necessarily a direct effect on the production of
corticotrophin-releasing factor by parvocellular neurones because the majority of neuronal
responses to oxytocin are excitatory (86), which would implicate an inhibitory intermediary.

Alternatively, axons from oxytocin neurones (that likely contain ERp) arise from the
parvocellular parts of the PVN and project to a number of extrahypothalamic brain regions,
including limbic areas and autonomic centres such as the septum, amygdala, hippocampus,
ventrolateral medulla and nucleus of the solitary tract (93-95). These oxytocin projections
make synaptic contacts based on electron microscopy studies (94). Moreover, ERp containing
neurones in the PVN project to brainstem regions, such as the ventrolateral medulla (96) and
preautonomic nuclei of the spinal cord (27). Cells in these same regions of the PVN also project
trans-synaptically to the adrenal gland (97,98). Such anatomical studies are supported by
studies showing i.c.v. infusion of an oxytocin antagonist can prevent the actions of DPN and
3p-diol on hormonal responses to stress (A. Kudwa and R. J. Handa, unpublished data).
Furthermore, we have shown that the c-fos mMRNA response to stress is muted by both ERp
agonist and 3B-diol administration (14); thus, the possibility exists that inhibition of the PVN
occurs via activation of ERp in oxytocin containing neurones.

Increasing data indicate that the potent androgen, DHT, can be metabolised to 3p-diol, a steroid
that can selectively bind ERp. Because of its ability to bind ERp, 3B-diol can act to inhibit
hormonal responses to stress and stress related behaviors. It remains to be determined whether
androgen metabolites that selectively bind ERp, but have limited androgenic properties, may
be useful pharmacological tools in the treatment of behavioral disorders that involve hyper-
reactivity of the HPA axis. Nonetheless, increasing data have now demonstrated that the
activity of DHT may not occur solely through its activation of ARs. Further consideration of
potential oestrogenic actions of DHT metabolites are likely to be important for interpretating
the growing literature regarding the nonreproductive actions of sex steroid hormones.
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Fig. 1.

Diagram depicting synthetic pathway for androgens from cholesterol precursor. Bold lettering
denotes the common or chemical name of the hormone, italics indicates enzyme required for
the conversion of precursor to product. Arrows indicate the direction in which the reaction
proceeds.
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