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Abstract

Long standing interest in the impact of gonadal steroid hormones on fluid and electrolyte balance
has led to a body of literature filled with conflicting reports about gender differences, the effects of
gonadectomy, hormone replacement, and reproductive cycles on plasma vasopressin (VP), VP
secretion, and VP gene expression. This reflects the complexity of gonadal steroid hormone actions
in the body resulting from multiple sites of action that impact fluid and electrolyte balance (e.g. VP
target organs, afferent pathways regulating the VP neurons, and the VP secreting neurons
themselves). It also reflects involvement of multiple types of estrogen receptors (ER) in these diverse
sites including ERs that act as transcription factors regulating gene expression (i.e. the classic ERa.
as well as the more recently discovered ERB) and potentially G-protein coupled, membrane localized
ERs that mediate rapid non-genomic actions of estrogen. Furthermore, altered expression of these
receptors in physiologically diverse conditions of fluid and electrolyte balance contributes to the
difficulty of using simplistic approaches such as gender comparisons, gonadectomy, and hormone
replacement to assess the role of gonadal steroids in regulation of VP secretion for maintenance of
fluid and electrolyte homeostasis. This review catalogs these inconsistencies and provides a frame
work for understanding them by describing: 1) the effect of gonadal steroids on target organ
responsiveness to VVP; 2) the expression of multiple types of estrogen receptors in the VP neurons
and in brain regions monitoring feedback signals from the periphery; and 3) the impact of dehydration
and hyponatremia on expression of these receptors.

1. Introduction

Women experience fluid retention during pregnancy and the luteal phase of the menstrual cycle.
In addition, fluid retention is frequently an unpleasant side effect of the use of gonadal steroids
for contraception or hormone replacement therapy. It is well established that the osmotic
threshold for vasopressin (VP) secretion is reset during pregnancy and during the luteal phase
of the menstrual cycle [13,15,80,81,94]. Furthermore, women astronauts are more susceptible
to orthostatic hypotension following extended weightlessness [99]. Since VP (also known as
antidiuretic hormone) acts on the kidneys to regulate water excretion and is a potent
vasoconstrictor agent important for preventing decreases in blood pressure, it was natural to
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hypothesize that gonadal steroids might influence VP secretion. The first questions many
neuroendocrinologists asked to address this possibility included: Are plasma VP levels or VP
responses to osmotic and cardiovascular stimuli different in males and females? What is the
impact of reproductive cycles on VP secretion? What happens to plasma VP levels following
gonadectomy and/or hormone administration? Unfortunately, experiments to answer these
questions have not provided consistent results. This is probably due to the fact that gonadal
steroids act on components of the homeostatic system involved in regulation of water and
electrolyte balance (Figure 1), and which one of these actions predominate is modified by a
variety of factors including species, gender, diet, and reproductive and fluid balance status. VP
action on the kidneys as well as its effect on blood pressure are modified by estrogen and show
gender differences [46,63,96,97]. This in turn modifies feedback signals that regulate VP
secretion. Furthermore, estrogen receptors (ERs) are expressed not only in VP target tissues,
but also in the VP neurons themselves, in osmoreceptive areas of the brain that control VP
secretion, and in pathways transmitting information about blood pressure and blood volume
to the VP neurons. This complexity is compounded by the fact that different types of ERs are
expressed in these regions. These include the classical ERa and the more recently discovered
ERP both of which are involved in regulating gene expression. In addition, membrane estrogen
receptors may also participate in the effect of the steroid hormones on VP secretion, because
rapid, non-genomic actions of estrogen have been reported in VP and oxytocin (OT) neurons
[29,95], and G-protein receptor 30 (GPR30), a non-genomic estrogen receptor [17,54,89], was
recently found in VP and OT neurons of the SON and PVN [4]. These aspects will be discussed
in this review with an emphasis on the role of ERp in the VP neurons themselves. Although
ERs also play critically important roles in regulation of OT secretion, the other
neurohypophyseal hormone, and modify its action on the uterus and mammary glands, the role
of estrogens in regulating OT secretion is a similarly complex topic deserving of a separate
review.

2. Effect of gonadal steroids on plasma VP (pVP)

Let us start by recapping the extensive literature that attempted to elucidate the role of the
gonadal steroids in regulation of VP secretion in whole animal and human studies (See Table
1, [71]). In 1979, Skowsky et al reported an increase in pVP two weeks after male rats were
castrated that was reversed by testosterone administration [68]. However, they observed the
opposite in females with estrogen treatment of ovariectomized rats increasing pVP [68]. Thus,
they concluded that androgens inhibit and estrogen stimulates VP release. In contrast, Crofton
et al reported a decrease in pVP following castration of male rats and an increase in pVP with
testosterone treatment [7]. However, in female rats, Crofton, et al reported no change in pVP
with estrogen treatment alone, but a decrease in pVVP following combined administration of
estrogen and progesterone [7,68]. Peysner and Forsling reported that ovariectomy caused a
decrease in pVVP and a suppression of the diurnal variation in pVVP [51]. They observed a dose
dependent effect of estrogen replacement with a high dose decreasing pVP and a low dose
increasing pVP [51]. Similarly divergent results were reported in women with estrogen
administration to anovulatory or postmenopausal women having no effect or causing an
increase in pVP [19,101]. Reports on fluctuations in pVP associated with the estrus or
menstrual cycle also yielded inconsistent results. Although Skowsky observed fluctuations in
VP during the estrus cycle [68], others reported no effect [7] or reported that the magnitude of
the diurnal fluctuation in pVVP was influenced by the estrus cycle [51]. In women, an early
study reported midcycle increases in pVP, but this was not confirmed in other studies [81,91,
94,101]. If, as suggested above, the inconsistency of these reports reflects multiple sites of
action of gonadal steroids and activation of multiple ERs, dissecting the system into component
parts is appropriate. Thus we will consider the effects of gonadal steroids on VP target tissues,
on afferents to the VP neuron, and on the VP neuron itself. The involvement of both testosterone

Front Neuroendocrinol. Author manuscript; available in PMC 2009 January 1.



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

1duasnuey Joyiny vd-HIN

Sladek and Somponpun Page 3

and estrogen will be discussed, because metabolites of testosterone (androgenic metabolites)
as well as estrogen can activate ERp [48,49].

3. Gonadal steroid effects on VP target tissues

Antidiuresis and vasoconstriction are the primary actions of VVP as a peripheral hormone. Thus,
the primary peripheral target organs for VP are the kidney and vasculature. Estrogen has been
shown to influence the responses of these target tissues to VP (Fig 1, Table 1).

Effects on VP-induced antidiuresis

The ability of VP to induce antidiuresis is greater in male than in female rats [96,97]. It is
greater in females during estrus (the phase of the estrus cycle in which circulating estrogen is
lowest) than in females in other phases of the estrus cycle [97]. Ovariectomy increases the
antidiuretic response to VP to be comparable to males, and estradiol replacement in
ovariectomized rats reduces the antidiuretic action of VP to that found in nonestrus females
[97]. In contrast, gonadectomy and testosterone replacement in males did not alter the
antidiuretic efficacy of VP [97]. Thus, estrogen attenuates the antidiuretic effect of VVP. This
may reflect activation of ERa, because although both ERa and ERp have been localized to the
kidney [100], ERa is most prominent [33] (See Table 2). ERa is present in the collecting duct
in rat kidney [100], the antidiuretic site of VP, and estrogen regulation of gene expression is
dependent on ERa in the Kidney [30]. Although a role for ER in altering renal responsiveness
to VP was suggested by studies in which rats fed ERp agonist isoflavones (genistein+daidzein)
for 2 weeks had increased plasma VP without altered fluid balance [18], one of these, daidzein,
can give rise to equol, a nonsteroidal estrogen that binds both ERa and ERp [57]. Thus, this
effect of isoflavones might be mediated by ERa-induced changes in renal responsiveness to
VP. Effects of estrogen on the renal response to VP can alter its impact on plasma osmolality
and blood volume thereby altering feedback signals regulating VP secretion. Thus, renal
activation of ERs could contribute to the impact of gonadectomy, hormone replacement, and
endogenous fluctuations in plasma estradiol during reproductive cycles on VP secretion.

Effects on VP-induced vasoconstriction

Gender differences also exist in the pressor effects of VP. VP induces vasoconstriction via
activation of VV1a VP receptors on vascular smooth muscle. Although sensitivity to the
vasoconstrictor effects of VP varies between vascular beds, both large vessels (e.g. the aorta)
and arterioles respond to VP, and in the mesenteric bed vasoconstriction in response to VP
occurs at concentrations that are orders of magnitude below that required for angiotensin 1l or
norepinephrine, other potent vasoconstrictor agents [2]. Isolated mesenteric vascular
preparations from females were more sensitive to VP than those from males, and pretreatment
of male rats with exogenous estrogen enhanced the constrictor response to VP [1] (See Table
1). Both ERa and ER are expressed in the vasculature and have been implicated in both fast
nitric oxide-mediated vasodilation and genomic alterations in gene and protein expression
[39]. Thus, estrogen modulation of the vasoconstrictor action of VP could be mediated by
ERa and/or ERB expression in either endothelial cells or smooth muscle of the vasculature
(See Table 2). In contrast to these estrogen-mediated gender differences in the direct vascular
effects of VP, the magnitude of the VP-induced increase in blood pressure is greater in male
than female rats except at estrus, and ovariectomy increases the pressor response in females to
be comparable to males [8,9]. Since these effects are opposite to the direct effects of estrogen
on the vasculature, this likely reflects actions of estradiol on the baroreflex as well as the other
systems involved in blood pressure regulation (i.e. the renin-angiotensin and sympathetic
nervous systems) and demonstrates the complexity of gonadal steroid actions that impact VP
secretion.
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4. Gonadal steroid effects on afferents to the VP neurons

Osmoreceptive afferents

The antidiuretic effect of VP on the kidney results in increased water reabsorption from the
renal filtrate resulting in a decrease in plasma osmolality. Extracellular fluid osmolality is
monitored by osmosensitive neurons located in two circumventricular organs in the preoptic/
anterior hypothalamus, the subfornical organ (SFO) and organum vasculosum of the lamina
terminalis (OVLT; [38]) as well as peripheral osmoreceptors [83] and the VP neurons
themselves [37]. As shown in Fig 2, osmoresponsive neurons in both SFO and OVLT express
ERa [76] (See Table 2), and the ERa expressing neurons in OVLT, SFO, and median preoptic
nucleus project to SON [93]. Thus these ERs are strong candidates for mediating estrogen
effects on osmotic regulation of VVP secretion. These ERa expressing neurons may also mediate
responses to other peripheral hormones important in maintaining fluid balance. The ERa
expressing neurons in these regions express AT1 angiotensin receptors [56], and the neurons
in these regions that project to SON and PVN are responsive to relaxin [85]. Both of these
hormones stimulate VP secretion, and their potent dipsogenic actions are mediated by the SFO
[38]. Thus, activation of ERa in SFO, OVLT, and MnPO has the potential for modulating both
fluid intake and output (see [74] for further discussion of estrogen effects on thirst). Although
the impact on VP secretion of activation of these specific ERs has not been evaluated, a
consistent finding reported in the literature is that the osmotic threshold for VP release and
thirst fluctuates with physiological changes in circulating estrogen. The osmotic threshold for
VP release is lower in the midluteal phase compared to the midfollicular phase of the menstrual
cycle [80,81,94], and in both humans and rats the osmotic threshold for VP secretion is lower
during gestation [15]. In rats, ovariectomy reduced the VP response to a hypertonic stimulus
and the response was restored by estrogen treatment [24]. The expression of ERa. in these
osmosensitive areas could provide the basis for estrogen-induced alterations in the osmotic
threshold for VP release, and could contribute to observed gender differences in VVP secretion.

Cardiovascular afferents

Blood volume is monitored by stretch receptors in the cardiac atria that respond to the degree
of filling of the right atria. Blood pressure is monitored by stretch receptors in the carotid sinus.
This information is relayed to neurons in the nucleus tractus solitarius (NTS) and dorsal vagal
complex (DVC) via afferent fibers in the 1Xth and Xth cranial nerves (glossopharyngeal and
vagus; [35]). It is then transmitted to the VP neurons over multi-synaptic pathways determined
in part by the nature of the stimulus. Information encoding decreases in blood volume and
pressure is transmitted from the NTS to the A1l catecholamine neurons in the ventrolateral
medulla (VLM) which in turn innervate the VP neurons in SON and PVN [53,72]. ERs have
been localized in all subnuclei of the NTS including 60% of the caudal A2 catecholamine
neurons [11,25,67,102] (See Table 2). Both ERa and ERp are expressed in NTS [65], and the
expression of ERa fluctuates with the estrus cycle [25]. The Al catecholamine neurons also
express both ERa and ERp with ERa expressing neurons being more numerous (Table 2;
[11,25,67]). ER expressing neurons in NTS and the VLM project to SON [93], but at least the
ERa neurons that project to SON are not catecholamine positive [93]. Therefore, the transmitter
phenotype of the ERo and ERf neurons in this region the innervate the magnocellular neurons
in SON and PVN remains to be determined. Thus, estrogen has the potential to modulate
afferent pathways from NTS and VLM to SON and PVN. The report that estrogen restored the
VP response to a hypovolemic challenge in ovariectomized rats is consistent with estrogen
modulation of this pathway [24]. Since expression of ERa receptors in A2 neurons fluctuates
with the estrus cycle [25], the impact of estrogen on these pathways may vary with the
reproductive cycle. This could contribute to inconsistencies in reports about estrogen regulation
on VP secretion.
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Since VP secretion is regulated by these two essentially independent afferent mechanisms (i.e.
osmolality versus blood volume/pressure), similar alterations in the response to both regulatory
pathways by estrogen might be construed as evidence that the site of estrogen action is on the
“final common pathway’, the VP neuron itself. However, as described above both the afferents
carrying osmotic information and those carrying cardiovascular information can be modulated
by estrogen. Thus, it is feasible that the site of estrogen action is on the afferent pathways
delivering feedback information to the VP neurons.

5. Gonadal steroid effects on the VP neurons

Direct effects of estrogen on the VP neurons are also possible, because the VP magnocellular
neurons in SON and PVN express ERs. However, species differences exist relative to both the
presence of ERs in magnocellular neurons and the type of ER (Table 2). ERp is prominent in
VP magnocellular neurons in rats and humans [28,32,65], guinea pigs express only ERa in
magnocellular neurons [98], sheep and humans express both ERa and ERp [28,32,61], and
neither receptor is present in mouse SON [42,64,66]. As discussed below, physiological
regulation of ER expression might underlie these species differences, but since ERa and
ERp often have opposite effects on gene expression [59] and may regulate different genes, this
could contribute to variability in the reported effect of estrogen on VP secretion.

In addition to the classical ERs, VP neurons may be regulated by other types of estrogen
receptors, because evidence for fast actions of estrogen on SON neurons exists [29,95].
Specifically, estrogen has been shown to stimulate dendro/somatic release of VP and OT from
magnocellular neurons [95], and in lactating rats, estrogen modulates electrical properties and
responses to kainic acid of OT neurons [29]. The recent report that GPR30, the G-protein
coupled, estrogen regulated receptor is expressed in SON and PVN provides one potential
candidate for the receptor responsible for these actions [4]. This topic has been dealt with in
more detail in a recent review [74].

Estrogen effects on VP release

Explants of the hypothalamo-neurohypophyseal system (HNS) were used to evaluate the effect
of estradiol on VP release from the neural lobe. These explants include SON with its axonal
projections extending through the median eminence and terminating in the neural lobe. In
addition, this preparation contains the suprachiasmatic, arcuate, ventromedial, preoptic, and
periventricular nuclei as well as the OVLT, but PVN is excluded. Inclusion of OVLT is
essential for osmotic stimulation of VP release [70]. Although in these explants, VP is also
released from dendrites of the magnocellular VP neurons and parvocellular neurons in the
suprachiasmatic nucleus [16], the VP release measured reflects axonal release from neural
lobe, because this exceeds all hypothalamic sources in the explant by 10-fold [23]. In HNS
explants, VP release in response to NMDA (N-methyl-D-aspartic acid) and hypertonicity is
inhibited by estradiol [87,88]. Since the OVLT is required for osmotic stimulation of VP release
both in vivo and in these HNS explants [70], it is possible that the inhibitory effect of estradiol
on osmotic stimulation of VP release is mediated by ERa in the OVLT. However, since the
OVLT projections to SON are glutamatergic [55] and glutamatergic transmission is required
for osmotic stimulation of VP release [43,69,87], the inhibitory effect of estradiol on NMDA.-
stimulated VP secretion may mediate estrogen's inhibitory effect on osmotic stimulation. Since
ERp is present in the SON VP neurons, the role of ERa and ERp in estradiol inhibition of
NMDA-stimulated VP release was evaluated using genistein, an agonist with higher affinity
for ERp than ERa, and R,R-THC, a nonsteroidal molecule with antagonist activity on ERp and
agonist activity on ERa [84]. Genistein mimicked the effect of estrogen on NMDA-stimulated
VP secretion, while R,R-THC prevented estrogen-inhibition of NMDA-stimulated VP release
rather than mimicking the effect of estrogen [73]. These observations suggest that ER
mediates the inhibitory effects of estrogen on NMDA-stimulation of VP release, and provide
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evidence for a functional role for ERB in SON VP neurons. ERB-mediated inhibition of VP
release is consistent with the report by Skowsky et al [68] that gonadectomy increased pVP in
male rats and testosterone replacement decreased pVP.

Effects on neurohypophyseal peptide gene expression

Studies with HNS explants also implicated estrogen in osmotic stimulation of VP gene
expression. Chronic osmotic stimulation in vivo and extended exposure of HNS explants to
hypertonicity results in increased VP mRNA in SON [5,103,107]. This reflects increased VP
gene transcription as indicated by increases in VP heteronuclear RNA [26,104]. Estrogen
prevented the increase in VP mRNA in osmotically-stimulated HNS explants [88] suggesting
an inhibitory role for ERp in regulation of VP gene expression in VP magnocellular neurons.
This possibility is supported by luciferase reporter assay studies in which estrogen inhibited
VP promoter activity in cells transfected with ERp [62]. In contrast, VP promoter activity was
increased by estrogen in cells transfected with ERa [62]. This differential regulation of VP
transcription by ERa and ERp is important relative to understanding the impact of estrogen on
VP expression in functionally distinct VP neurons (e.g. magnocellular vs the sexually
dimorphic neurons in the bed nucleus of the stria terminalis that express both ERa. and ERp
[14,32,41,65]). Further evidence that estradiol activation of ERp can inhibit VP gene
expression was obtained in studies on the mouse PVN in which estrogen treatment resulted in
adecrease in VP expression that was absent in ER3 knock out mice [44]. Although this probably
represents estrogenic regulation of VP expression in parvocellular rather than magnocellular
neurons, it demonstrates ERB—mediated negative regulation of VVP gene expression by
estrogen.

Effects of androgens

To this point, we have focused on the effect of estrogen on VP gene expression, because that
is the ligand equated with activation of ERs. However, there is considerable evidence that
testosterone, in addition to estrogen, can alter VP secretion, and this is important relative to
understanding reports of gender differences in regulation of VP secretion and fluid and
electrolyte balance. In fact, the original inspiration for studying the effect of gonadal steroids
on VP release from HNS explants was the report by Crowley and Amico [10] that gonadectomy
prevented the dehydration-induced increase in VP mRNA and administration of testosterone
to male rats restored the response. Since the perifusion medium for the HNS explants was not
supplemented with steroids and the HNS explants were from male rats, it was anticipated that
the addition of testosterone to the medium would augment the VP response to an osmotic
stimulus. To our surprise, the opposite was observed. Testosterone and its androgenic
metabolite, dihydrotestosterone (DHT), were as effective as estradiol in inhibiting both
NMDA.- and osmotically-stimulated VP release from HNS explants [87,88].

The question is: Do the androgenic steroids act via the same mechanism as estrogen? The
classic intracellular androgen receptor has not been demonstrated in magnocellular VP
neurons, but in rats, some neurons in the perinuclear zone of SON do express androgen
receptors [106]. Thus, these receptors are potential mediators of the androgenic actions.
However, another possibility is that the actions of testosterone and DHT are mediated by
ERp, because some metabolites of testosterone such as 5a-androstane-3p3, 17p-diol (3p-diol)
have affinity for ERp [34]. In a neuronal cell line, 3p-diol altered ERp regulated gene
transcription with a potency equivalent to that of estradiol [49]. As shown in Figure 3, 3p-diol
prevented NMDA-induced VP release from HNS explants in a manner similar to that observed
for estradiol, DHT, and genistein [73]. This supports the hypothesis that both estrogenic and
androgenic metabolites of testosterone can activate ERf3-mediated inhibition of VP release.
Further support for such a hypothesis is provided by evidence that the enzymes required to
metabolize testosterone to estrogen (aromatase), DHT (5a-reductase), and DHT to 3p-diol
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[17p hydroxysteroid dehydrogenase (173-HSD) or 3a HSD [20,82,90]] are expressed in the
hypothalamus [36]. [Note: The report that VP immunoreactivity was not altered in SON of
aromatase knock out mice [52] does not detract from this hypothesis, because as mentioned
previously ER is not present in the mouse SON [42]]. To our knowledge, the impact of
alterations in fluid balance on the expression of these enzymes has not been investigated.

6. Impact of Fluid Balance on ER expression

ERa expression in osmoreceptive regions (SFO/OVLT)

As described above, osmosensitive neurons in the SFO, MnPO, and OVLT express ERa (Fig
2, Table 2). Since afferents from these regions are required for osmotic regulation of VP release,
this provides a likely site for estrogen modulation of osmoregulation of VP release.
Furthermore, expression of ERa in these regions may be regulated in response to chronic
hyperosmolality. As shown in Figure 4, ERa is dramatically upregulated in the outer rim of
the SFO in animals made extremely hyperosmolar by 48 h water deprivation following lesion
of the region anterior and ventral to the 3" ventricle (AV3V) [76]. Both the number of neurons
expressing ERa and the density of ERa staining in SFO is increased [Figure 4, [76]]. ERa
expression in these neurons is also modestly increased by the more physiological increase in
osmolality induced by 48 hr water deprivation in intact rats [76]. This could increase the impact
of circulating estrogens on these osmoreceptive cells. Since circulating steroids were reduced
by dehydration [77,78], the increase in ERa expression in SFO may be a mechanism for
maintaining the influence of circulating gonadal steroids during circumstances of reduced
ligand availability. Thus this may be important for maintaining fluid homeostasis by regulating
both water excretion via VP secretion and water intake by regulating thirst [38]. The impact
of estrogen on thirst has been considered in more detail in a recent review [74].

ERB expression in magnocellular VP neurons

is also dramatically impacted by dehydration [78], but as shown in Figure 5, instead of
increasing, it disappears. In euhydrated rats, ER immunoreactivity is strong in magnocellular
VP neurons in SON and PVN with faint or absent ERp staining in magnocellular OT neurons
[78]. This observation was replicated by Suzuki and Handa [86] who reported that in SON,
72% of VP neurons co-expressed ERB while the expression in OT neurons was low. Seventy-
two hours of drinking 2% saline induced a significant decrease in ERB mRNA evaluated by in
situ hybridization and a disappearance of immunoreactive ERp staining in the SON [78]. In
the PVN the disappearance of ERp immunoreactivity was limited to the magnocellular division
of the nucleus while ERp staining was not altered in the parvocellular regions [78]. Also,
ERpP mRNA was increased in SON in animals made chronically hyponatremic by consuming
a liquid diet during treatment with d-amino-D-arginine VP [78]. Thus, ERB expression in
magnocellular VP neurons is inversely correlated with changes in plasma osmolality, and this
requires monitoring of changes in plasma osmolality by the osmoreceptive neurons in the
lamina terminalis, i.e. those in SFO, MnPO, and OVLT [77]. Hypovolemia, another potent
stimulus for VP secretion, also induces a decrease in ER[ expression in magnocellular VP
neurons [79]. The time course of the changes in ERp expression in magnocellular VP neurons
in response to water deprivation, a physiologically important stimulus for VP secretion, is
compatible with this being a physiologically relevant component of regulation of VP secretion
in response to alterations in fluid balance and hypovolemia. ERB immunoreactivity was
significantly decreased in magnocellular VP neurons of SON and PVN following 20 hrs of
water deprivation in rats [79]. Rehydration of rats subjected to 26 hours of water deprivation
resulted in a significant although not complete restoration of ERB immunoreactivity within 6
hours [79]. Since ERP mediates inhibition of VP release by estrogen and probably testosterone,
these findings support the conclusion that decreased expression of ERB during dehydration or
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hypovolemia may contribute to the upregulation of VP secretion that is prominent in these
conditions.

Other regulators of ERB expression in magnocellular VP neurons

ERP expression in magnocellular VP neurons is regulated in response to gonadal and adrenal
hormones. Estradiol replacement caused a decrease in ERpB in magnocellular neurons of
ovariectomized rats [86]. Based on our evidence that ER3 expression in SON mediates
inhibition of VP secretion from HNS explants, a decrease in ER3 expression induced by treating
ovariectomized female rats with estradiol would be expected to cause an increase in plasma
VP as reported by Skowsky et al [68] and Peysner and Forsling [51] (Table 1). The question
then arises, are the dehydration-induced changes in ERp secondary to dehydration-induced
changes in circulating gonadal steroids? In fact, testosterone was suppressed by both hyper-
and hypo-osmolality [78]. Therefore, the dehydration-induced changes in ER expression in
magnocellular neurons were not correlated with changes in plasma testosterone and circulating
estrogen did not change significantly [78] suggesting that dehydration induced changes in
circulating gonadal steroids are not responsible for the changes in ERf observed in SON and
PVN magnocellular neurons during dehydration. Adrenalectomy caused a greater than 2-fold
increase in ERB mRNA in magnocellular neurons in SON and PVN which was partially
prevented by corticosterone replacement [75]. However, this may reflect the hydromineral
derangement consequent to adrenalectomy, rather than direct effect of glucocorticoids on
ERp expression [75]. The absence of glucocorticoid receptor expression in SON in normally
hydrated rats supports this view [3,31,92]. Similarly changes reported during lactation in
ERB mRNA in SON VP neurons may reflect the impact of milk production on fluid balance.
Although an overall increase in the number of cells expressing ERB mRNA was reported in
SON neurons in one study [22], ERp mRNA per cell actually decreases in the ventral portion
of the nucleus where the VP neurons are concentrated [74]. Thus, ERB expression in VP
magnocellular neurons appears to be most prominently regulated by parameters related to fluid
and electrolyte balance rather than fluctuations in circulating steroids.

7. Conclusions and future research

Changes in fluid and electrolyte balance associated with pregnancy and different stages of the
reproductive cycle as well as the prominent expression of ERB in magnocellular VP neurons
has prompted considerable interest in the role of estrogen in regulation of VP secretion.
However, what appears simple on the surface is complicated by the fact that the effect of
estrogen or testosterone on plasma VP reflects the summation of the multifaceted effects of
gonadal steroids on the complex system involved in regulation of fluid and electrolyte
homeostasis. In addition, the relative contribution of each of these effects can be altered as a
result of the ability of the circulating hormones as well as fluid and electrolyte balance, gender,
and reproductive status to regulate the expression of these receptors. Differences in dietary
sources of steroid ligands for the receptors introduces yet another variable with the potential
to alter the balance of these various components [18]. Thus the discordance in reports in the
literature can be understood based on differences in the status of experimental subjects in each
study relative to these variables that were largely unrecognized for their importance at the time
the studies were performed.

The importance of the involvement of multiple types of gonadal steroid receptors is beginning
to be appreciated, and emerging evidence that the expression of these receptors undergoes
dramatic changes with alterations in reproductive and fluid balance status is important for
deciphering the effects of gonadal steroids on VP secretion. Changes in ER expression can
alter the impact of gonadal steroids by amplifying or diminishing the effect of increases in the
ligand such as occurs with estradiol during pregnancy and the luteal phase of the menstrual
cycle or decreases as occurs during dehydration. Thus, as described herein, ERo expression
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increases in SFO during chronic hypertonicity. Since ERa is expressed in the osmoreceptive
neurons in SFO, an increase in ERa expression in concert with increased circulating estrogen
such as occurs during pregnancy would be expected to alter responses of these neurons to
osmotic stimuli. In fact, the decrease in the osmotic threshold for VVP secretion (and thirst; see
[74] for more details) observed during pregnancy and in the luteal phase of the menstrual cycle
is consistent with ERa-mediated increases in sensitivity of the osmoreceptors. In contrast,
ERP expression in the magnocellular VP neurons of SON and PVN decreases dramatically
during dehydration or in response to hypertonicity induced by saline drinking. Since ERp
mediates estrogen inhibition of VP release, the decrease in ER[ expression removes an
inhibitory influence allowing the prominent increase in VP secretion that characterizes
responses to dehydration. Thus, the opposite effect of hypertonicity on ERa expression in SFO
and ERp expression in SON is consistent with achieving maximal secretion of VP during
hyperosmolar challenges. Furthermore, this dichotomy in expression and direction of action
of ERaand ERPB may explain the diverse reports in the literature as well (Table 1). For example,
the E2-induced increase in pVP reported by Skowsky et al [68] in female rats could reflect
predominance of ERa-mediated enhanced osmosensitivity while the lack of effect of estrogen
reported by Crofton et al [7] could reflect a balance between ERa enhanced osmosensitivity
and ERB-mediated inhibition at the VP neurons. Similarly, the biphasic dose response reported
by Peysner and Forsling [51] may reflect differences in the effective concentration of estrogen
at ERa in SFO, OVLT, and MnPO versus ERp in SON and PVN magnocellular VP neurons,
and therefore a shift in the balance between positive and negative estrogen effects on VP
secretion. However, it could also reflect differences in the effect of estrogen on target tissues
and therefore, the feedback signals regulating VP secretion.

The lack of ERp expression in species such as mice and guinea pigs suggests that it is not
evolutionarily conserved and thus, perhaps, lacks physiological importance. However, an
interesting possibility is that the observed regulation of ER expression may underlie apparent
species differences. Specifically, the disappearance of ERB immunoreactivity in the rat SON
with dehydration and the increase in ERp mRNA with hyponatremia suggests that the reported
absence of ERp expression in SON neurons of the mouse and guinea pig might reflect
differences between these species and rats in the balance between positive and negative factors
regulating ERpB under basal conditions. The higher basal plasma osmolality in mice (303—355
mOsm/kg) versus rats (280—295 mOsm/kg) [40] is consistent with this possibility. Additional
ERP regulatory candidates that might differ between species include gonadal and adrenal
steroid hormones as well as the neurotransmitters carrying information about osmolality
(glutamate, GABA, angiotensin) and blood volume (norepinephrine, ATP, neuropeptide Y,
others?). Thus, further clarification of the mechanisms regulating expression of the ERs in
various neuronal populations remains important for dissecting the role of estrogen and
testosterone in regulating VP secretion.

Identification of the specific target genes regulated by ERa.and ERp is also required to elucidate
the function of these receptors in the osmosensitive neurons in SFO, OVLT and MnPO and
the magnocellular VP neurons. Numerous genes are up regulated in SON during dehydration
[21,27,105]. The concurrent decrease in ERp, a potentially inhibitory transcription factor,
identifies genes up-regulated by dehydration as candidates for ERB inhibition. The ability of
ERp to inhibit genes expressing classical estrogen response elements [62] as well as genes
expressing AP1 elements [47] suggests that down regulation of ERp in dehydration could
influence a wide variety of genes contributing to the maintenance of fluid homeostasis by
increasing VP secretion.
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Figure 1.

Sites of ER expression (either ERa or ERB) in components of the system for maintaining fluid
homeostasis. ER (*) is expressed in osmosensor regions of the anterior hypothalamus, the VP
producing neurons of SON and PV N, the brainstem areas transmitting cardiovascular feedback
information, and the VP target organs, the kidneys and arterioles. See text for discussion and
references. See Table 2 for information on the type of ER at each location.
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Figure 2.

ERa expression in the osmosensitive components of the lamina terminalis. A. Diagram
showing location of subfornical organ (SFO) and organum vasculosum of the lamina terminalis
(OVLT), the two circumventricular organs in the anterior hypothalamus that monitor
extracellular fluid osmolality. B.-E. Sections through SFO (B,C) and OVLT (D,E) from 48 hr
water deprived rats were double stained for ERa (green) and Fos (red). Note the nuclear
localization of both ERa and Fos that is indicative of their roles as transcription regulatory
factors. Unlike some steroid receptors (e.g. glucocorticoid receptors), the nuclear localization
of ERs is not dependent on a steroid ligand binding to the receptor, and evidence exists for
ligand-independent, gene regulatory effects of ERs [50,60]. The rectangles in B and D indicate
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regions shown at higher magnification in C and E respectively. Fos staining is indicative of
neurons activated by the dehydration protocol, and numerous ERa positive neurons show Fos
activation (yellow/orange, some indicted by white arrowheads in C and E). Scale bars, 50um.
Modified from [38,76].
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Figure 3.

Effect of 3-B-diol, an androgenic metabolite of testosterone that acts as an ER[ agonist, on
NMDA-stimulated VP release from explants of the hypothalamo-neurohypophyseal system
(HNS). NMDA (50 uM) induced a significant, but transient increase in VP secretion (red
triangle) that was blocked by inclusion of 3-B-diol (10nM) in the perifusate (green inverted
triangle). [Two-way repeated measure ANOVA F=5.07, p=0.02; individual mean comparison
at 5.3 hrs *p<0.05 versus time control (black circles) and NMDA alone]. Basal release (pg/ml
was as follows: Time control, 142+23; NMDA, 163+17; NMDA+3-p-diol, 201+34.
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Figure 4.
ERa and Fos immunoreactivity in SFO of hydrated (sham-hydrated), 48 hr water deprived

(sham-dehydrated), and hydrated or water deprived AV3V lesions rats (AV3V+hydrated and
AV3V-dehydrated respectively) rats. Water deprivation induced a significant increase in Fos
expression in SFO which was markedly exaggerated in the AV3V lesioned animals. Due to
the impairment of osmotically stimulated VP secretion in these animals, they experience an
extreme increase in plasma osmolality during water deprivation (380+10 vs 304+1 mOsm/kg
H20 in sham-dehydrated). The density of ERa staining was greater in the periphery of SFO
in the sham-dehydrated rats compared to hydrated rats (panel B; p<0.05), and both the density
and number of ERa positive neurons increased in the AV3V+dehydrated rats with the increase
in ERa positive neurons occurring in both the periphery and core of SFO (panel D; p<0.05).
In spite of this dramatic increase in ERa expression, not all Fos positive cells (panel H) became
ERa positive. Modified from [76].
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Figure 5.

ERa expression in SON in hydrated and dehydrated rats. A. and B. In situ hybridization for
ERa mRNA reveals a decrease in ERB mRNA following 72 hrs of 2% saline ingestion (see
[78] for details). C. and D. ER} immunohistochemistry in SON reveals a disappearance of
ERp protein in SON following 48 hrs of water deprivation. Note in the hydrated section that
dense ERP immunoreactivity is seen predominantly in the neurons positioned in the ventral
portion of SON corresponding to the location of VP neurons. However, faint immunoreactivity
is also present in neurons located more dorsally (e.g. in the region corresponding to OT
neurons). E. and F. Double immunohistochemistry for OT (brown) and ERp (black). Note the
cytoplasmic localization of the OT immunoreactivity versus the nuclear localization of the
ERp immunoreactivity. In the hydrated example, dense ERB immunoreactivity is not present
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in the OT neurons indicating it is primarily expressed in VP neurons in SON (see [78] for

details and for pictures of VP/ERf double immunostaining). Scale bar, 100 um. OC, optic
chiasm.
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Table 2

Differential Locations of Estrogen Receptor Subtype

3

Organ Structure or Region Receptor Subtype Receptor Regulation

Kidney Collecting Duct ERa[33,100] ND

Vasculature Endothelium or smooth muscle] ERo and ERB[39] ND

Brain:

Osmoreceptive regions MCNs (VP) rat ERp[28,32,65,78,98] wdehydration[79]
vsalt loading[78]
thyponatremia[78]
wovex+ E2[86]
Jlactation[22,74]
sadrenalectomy[75]

mouse Neither ER in SON[42.66] ND
GP ERa[98] ND
Human ERa and ERB[28.32] ND
Sheep ERa and ERB[61] ND
OVLT ERo[76.93] ND
SFO ERa[76.93] shyperosmolar[76]
MnPO ERo[76.93] il ND
Baroreflex regions NTS ERa: 32-59% THneurons_}[ll] A wlestrus cycle[25]
48-62% ERg not 'Hl11
ERB: 13—20% TH neurons[11] ND
Caudal VLM ERa: 77% TH neurons[11]; No A wi/estrus
54% ERa not TH[11] cycle[25]
ERB: 3% TH neurons[11] ND

Page 24

Abbreviations: Al-catecholamine neurons in VLM; A2-Catecholamine neurons in NTS; GP-guinea pig; MCN-magnocellular neurons in SON and PVN;
ND-not done; NTS-nucleus tractus solitarius; ovex-ovariectomyOVLT-organum vasculosum of lamina terminalis; PCNs-parvocellular neurons; PVN-
paraventricular nucleus; SFO-subfornical organ; SON-supraoptic nucleus; TH-tyrosine hydroxylase; VLM-ventrolateral medulla

7[Data are from rat except where noted differently.

§OnIy ERo and ERB are considered here. Other ERs (e.g. GPR30) may also contribute.

ERa positive neurons that project to SON are not TH positive (see text) [93]. A=change.
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