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Abstract

Oestrogens affect fluid balance, influencing both ingestive behaviour and renal excretion. The renal effects are partly due to altered release
of vasopressin and oxytocin. This study was designed to explore the role of oestrogen receptor-3 (ERR) in neurohypophysial hormonal
function. Following dietary administration, soya isoflavones reach the brain in sufficient concentration to activate ER, but not oestrogen
receptor-a (ERa). ERpP function was therefore manipulated by feeding rat diets differing in soya isoflavone content. Fluid balance and
neurohypophysial hormone release were measured in male rats maintained for 14 days on a soya isoflavone-free diet or one containing 150
ng/g genistein + daidzein. Food and water intake, body weight, urine flow, osmolality and sodium concentrations were determined daily.
After 14 days, plasma and urine osmolality and sodium, vasopressin and oxytocin concentrations were determined. There was no significant
difference in weight gain between the two groups or in their excretion of sodium and water or plasma sodium and plasma oxytocin. However,
plasma vasopressin was significantly lower in the iso-free group. Double-label immunocytochemistry was used to assess colocalisation of
ERP with the neurohypophysial hormones in male rats. Cell nuclei showing ERP immunoreactivity were abundant in the posterior
magnocellular paraventricular nucleus (PVNpm) and in the supraoptic nucleus (SON). Vasopressin-immunoreactive neurones were similarly
distributed, forming the core of the PVNpm and the ventral portion of the SON; majority were positive for ERB. Cells with oxytocin
immunoreactivity were located mainly at the periphery of the PVNpm and in the dorsal SON; only approximately a quarter of these cells
showed ER immunoreactivity. Thus, the difference in the effects of the soya diet on vasopressin and oxytocin release may be related to the
ERpB-activating properties of this diet and to the preponderance of this receptor in vasopressin as opposed to oxytocin cells.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction (Amonkar and Mody, 2002; Kritz-Silverstein and Good-
man-Gruen, 2002; Messina and Messina, 2000; Scheiber et
al., 2001; Scambia et al., 2000), while others have reported

no significant effects (Murkies et al., 1995; Hsu et al.,

Recently, there has been considerable scientific interest
in the role of soya in the numerous aspects of human health

including breast cancer (Dai et al., 2001; Wu et al., 1996;
Hirose et al., 1995; Lee et al., 1991), prostate cancer (Strom
et al., 1999; Jacobsen et al., 1998; Stephens, 1997; Alder-
creutz, 1995) and cardiovascular diseases (Clarkson, 2002;
Gardner et al., 2001). Some studies have reported beneficial
effects of soya isoflavones with respect to bone density
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2001). The alleviation of menopausal symptoms has also
been reported (Davis, 2001; Knight et al., 2001; Murkies et
al., 1995; Scambia et al., 2000; Faure et al., 2002; Han et
al., 2002). In general, however, the effects specifically due
to soya isoflavones are modest in degree, although assess-
ment of these effects has been hampered by the design of
some of the studies (for a detailed review, see Albertazzi
and Purdue, 2002).

Two different oestrogen receptors [oestrogen receptor-p
(ERP) and oestrogen receptor-a (ERa)] have been identi-
fied in the brain (Kuiper et al., 1996), and soya isoflavones,
such as genistein and daidzein, have a higher affinity for
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ERp than for ERa (Kuiper et al., 1998). Following dietary
administration, these isoflavones can reach the brain in
concentrations that may be sufficient to activate ER{3 but
are unlikely to activate ERa (Lephart et al., 2000). Evi-
dence that dietary administration of soya isoflavones can
affect brain function comes from findings that they mod-
ulate brain neurotrophins (File et al., 2003; Pan et al.,
1999a,b), decrease calcium-binding proteins at certain sites
in the brain of male rats (Lephart et al., 2000), increase
anxiety and corticosterone and vasopressin hormone release
in male rats (Hartley et al., 2003). In addition, they have
been shown to improve radial arm-maze performance in
ovariectomised female rats (Pan et al., 2000) and to
improve cognition in young adults (File et al., 2003) and
postmenopausal women.

Oestrogen modulates vasopressin release in both man
(Stachenfeld et al., 1998; Ekstrom et al., 1992) and
animals (Sladek et al., 2000; Hartley et al., 1999a,b), with
both basal and stimulated release being affected. Gonadal
steroids also influence oxytocin release with progesterone
playing a key role (Antonijevic et al., 2000). However, our
previous study (Hartley et al., 2003) found that only the
former was changed following a relatively short period of
dietary administration of soya. One purpose of Experiment
1 was therefore to determine whether this important
difference could be replicated. Our previous study involved
young male rats (mean body weight 175+ 4 g) and
administration of a modified diet for a period of 18 days,
whilst the current study used mature male rats (mean body
weight 344 + 6 g) and a shorter dietary modification
period of 14 days.

Oestrogen also affects fluid balance through an effect
on ingestive behaviour (Forsling and Peysner, 1988), as
well as an effect on the kidney, either directly or through
altered renal responsiveness to renally active hormones
(Boyce et al., 2001; Zhou et al., 1992). To date, the
influence of dietary soya on fluid balance has not been
reported and this was a second purpose for the study. The
site at which oestrogens affect posterior pituitary hormone
release has been unclear. Oestrogen modulates vasopressin
release in response to both hypovolaemia and elevated
plasma sodium (Hartley et al., 1999a,b); since these stimuli
involve very different pathways, it appears likely that
oestrogen acts directly on the magnocellular neurones
producing the hormone. However, while radioactive oes-
tradiol-binding studies have shown oestradiol uptake in rat
and mouse neurophysin-ir cells (Rhodes et al., 1981; Sar
and Stumpf, 1980), immunoreactivity for oestrogen recep-
tors was not apparent in the supraoptic (SON) or para-
ventricular (PVN) nuclei of the rat (Simonian and Herbison,
1997). However, Shughrue et al. (1997, 1996) and Li et al.
(1997) demonstrated that messenger RNA (mRNA) for
ERp and ERp-like immunoreactivity are found in the PVN
and SON.

The purpose of Experiment 2 was to determine whether
the anatomical distribution of receptors could explain the

different effects of the soya diet on the release of vaso-
pressin and oxytocin. The presence of ERP mRNA or
immunoreactivity in the SON and PVN of rats has been
reported (Hrabovszky et al., 1998; Alves et al., 1998, Isgor
et al., 2003), but these studies did not provide quantitative
data on the incidence of colocalisation with magnocellular
vasopressin and oxytocin neurones.

The interest in the use of soya in the postmenopausal
women is likely to grow following the early termination of
one aspect of the Women’s Health Initiative study, which
examined a randomised controlled primary prevention trial
on conjugated equine oestrogen and medroxyprogesterone
acetate (Rossouw et al., 2002). There is therefore an urgent
need for scientific investigation of the physiological effects of
soya isoflavones.

2. Methods
2.1. Animals

The studies were performed in accordance with the
Animals (Scientific Procedures) Act, 1986. Male hooded
Lister rats (Charles River Margate, Kent, UK) were
housed under controlled lighting conditions (12:12-
h light/dark cycle; lights on at 07:00 h) with constant
temperature (22—-24 °C) and humidity (40—-50%) and
were allowed food and water ad libitum. In Experiment
1, 16 rats were initially maintained on our standard
laboratory maintenance diet [Rat and Mouse No. 1
maintenance diet (R&M1); Special Diet Services Witham
Essex, UK]. This diet contained approximately 150 pg of
isoflavones (genistein +daidzein) per gram of diet (Odum
et al., 2001). The rats were then randomly allocated (eight
per group) either to a diet containing no soya isoflavones
(iso-free diet; 2016-Teklad Global, Harlan UK, Bicester,
Oxon, UK) or to a diet with 150 pg genistein + daidzein
per gram of diet (iso-150 diet; 2018 Teklad Global/Teklad
9607 TRM Harlan UK; the specific measurements of the
isoflavone contents of the two diets were made by Dr
Tobin, Harlan Teklad). The protein content of the diets
were matched with the iso-150 diet deriving protein from
soyabean meal and the iso-free diet, not containing
soyabean meal, deriving protein from the other major
grain ingredients. The sodium contents of the iso-150 diet
and the iso-free diet were 0.25% and 0.23%, respectively.
The rats were maintained on these diets for 14 days. In
Experiment 2, 10 rats were maintained on the standard
R&MI diet.

2.1.1. Experiment 1

2.1.1.1. Measurement of fluid balance, osmolality and
electrolytes. All rats were housed in pairs and weighed
daily Monday—Friday in the morning (08:00—09:00 h) and
evening (17:00—18:00 h). At the same time, food and water
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intakes were recorded. Individual rats were studied in me-
tabolism cages (NKP Dartford, Kent, UK) for a maximum of
12 h with intervals of at least 3 days between each period of
observation. Whilst in the metabolism cages, rats had access
to preweighed water and food in excess of requirements.
Urine volumes were measured on rats under observation in
the metabolism cages with samples taken for determination
of osmolality and electrolytes. After 14 days of observations,
blood was obtained from animals by decapitation at 09:00
h for determination of plasma and urine osmolality and
sodium and plasma oxytocin and vasopressin concentrations.
The sodium concentrations were measured by flame pho-
tometry (410C Corning, Halstead, Essex, UK), with osmo-
lalities being determined by vapour pressure osmometry
(Wescor Vapour Pressure Osmometer, UT, USA).

2.1.1.2. Hormone determinations. Oxytocin and vasopres-
sin were extracted from plasma using C18 Sep-Pak columns
(Waters Associates Northwick, Middx, UK) as previously
described (Forsling, 1985). Vasopressin was determined
using the First International Standard for vasopressin (77/
501). The lower limit of detection was 0.1 pmol/l and the
intra- and interassay coefficients of variation 7.5% and
11.6%, respectively, at 2.5 pmol/l. The oxytocin assay
employed the Fourth International Standard (76/575) and
had a lower limit of detection of 0.1 pmol/l and the intra-
and interassay coefficients of variation 5.1% and 8.9%,
respectively, at 2.5 pmol/l.

2.1.2. Experiment 2

2.1.2.1. Brain tissue collection and preparation. Rats
(n=5) were perfused transcardially (25 ml/min; under
pentobarbital anaesthesia, 80 mg/kg) with a fixative con-
taining 4% acrolein plus 2% PFA in PBS (50 ml) followed
by 2% PFA in PBS (150 ml). Brains were removed,
postfixed overnight in 2% PFA, cut in the coronal plane
(from bregma—~0.46, to bregma—2.45; Swanson, 1992)
with a freezing microtome (30 pm) and collected into a
series of six wells; thus, each well contained consecutive
sections separated by 150 pm rostrocaudally.

2.1.2.2. Immunohistochemistry double labelling. ~Sections
to be stained for ERP and oxytocin or ERB and vasopressin
were pretreated with solutions including 1% sodium boro-
hydride (20 min), 0.5% Triton X-100 (60 min), 0.5% H,0,
(10 min) and 2% normal donkey serum (30 min). Sections
were incubated for 72 h at 4 °C in Z8P rabbit antimouse
ERP polyclonal antibody (Zymed Labs, South San Fran-
cisco, CA, USA; 0.05-0.1 mg/ml).

ERR-IR was visualised by using the ABC method,
biotinylated goat antirabbit antibody (Vector Labs, Peter-
borough, UK) was used at 1:1000 for 2 h and the
Vectastain ABC Elite kit (Vector Labs) at 1:3000 for 1
h. Nickel-enhanced diaminobenzidine (Ni-DAB) was used
as the chromogen (0.05% DAB, 0.15% nickel-ammonium

sulphate in 0.1 M Tris buffer pH 7.6 with 0.005% H,0,).
The Ni-DAB reaction product was amplified by employ-
ing silver—gold intensification (SGI). Tissue argyrophylia
was suppressed with 8% thioglycolic acid for 30 min
prior to incubation in the primary antibody. After the Ni-
DAB reaction, sections were transferred into 2% sodium
acetate and left overnight prior to the silver intensification
and gold toning, which were carried out according to a
previously described protocol (Dobo et al., 1996; Liposits
et al.,, 1984).

For the subsequent identification of immunoreactivity
for oxytocin or vasopressin, sections were incubated in
mouse anti-oxytocin-associated neurophysin (PS-38, gift
from Dr. H. Gainer) or rabbit antivasopressin (#64717,
ICN Biomedicals, Aurora, OH, USA). Previous studies
have demonstrated that double-label peroxidase-based im-
munohistochemistry can be successfully carried out using
primary antibodies from the same species when the anti-
gens are in different subcellular compartments and the first
reaction product is silver—gold intensified (Liposits et al.,
1986).

The secondary antibodies (Vector Labs) employed for
visualising oxytocin or vasopressin were biotinylated horse
antimouse IgG (1:1000) or biotinylated goat antirabbit IgG
(1:1000), respectively. The sections were reacted with
DAB alone for these cytoplasmic markers.

2.1.2.3. Evaluation. After development, sections were
mounted, cover slipped and analysed for double labelling
in the SON. Counting of single- and double-labelled cells
was carried out at x100 magnification; this magnification
level allowed us to distinguish the black silver grains in the
nucleus from the dark brown DAB reaction product often
present in the perinuclear region of an immunoreactive cell.
Immunoreactive cells were counted in both left and right
SON of every sixth section throughout the rostrocaudal
extent of the hypothalamus.

2.1.2.4. Statistical analyses. The body weights, food and
water intake and urinary excretion were analysed using two-
way split plot analyses of variance with dietary treatment as
the independent factor and days as the repeated measure.
The plasma neurohypophysial concentrations, sodium and
osmolality data were analysed using one-way analyses of
variance. All values presented are the mean = S.EM. A
value of P<.05 was selected as indicative of a significant
difference.

3. Results
3.1. Experiment 1
3.1.1. Body weight, food and water intake

All animals in Experiment 1 showed a significant
increase in body weight over the 14-day period [days,
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Fig 1. Mean ( £ S.E.M.) body weight (g) of male rats fed a diet containing
150 ng/g soya isoflavone (iso-150) or a diet containing no soya isoflavones
(iso-free) over an observation period of 2 weeks.

F(9,126)= 83.5; P<.001; Fig. 1]. The rate of increase in
body weight did not differ between the two dietary groups
[Days x Treatment interaction, F(9,126)= 0.9; NS; Fig. 1].
There were no differences between the two dietary groups
in their food and water intake [ 7(9,54)=1.1 and 2.2; both
NS; see Table 1].

3.1.2. Fluid balance

The two dietary groups did not differ in their sodium
intake [F(9,54)=1.1], sodium excretion [F(1,18)=0.01;
NS], urine osmolality [ F(1,18)=0.5, NS] or urine flow rate
[ F(1,18)=2.8; NS], see Table 1.

3.1.3. Plasma osmolality and neurohypophysial hormone
concentrations

The two dietary groups did not differ in their plasma
osmolality [F(1,14)=0.2; NS; Table 1]. The vasopressin
concentration in the iso-free group was significantly lower

Table 1

Mean + S.E.M. for fluid balance parameters and oxytocin concentrations in
male rats fed a diet containing no soya isoflavones (iso-free) or a diet
containing 150 pg/g total isoflavone (iso-150)

iso-free iso-150
(n=8) (n=8)
Daily food intake (g) 59+0.6 6.8 +0.7
Daily water intake (g) 8.6+0.3 9.4+0.2
Daily sodium intake 0.45+0.01 0.46 +0.01
(mmol/100 g body weight)
Daily sodium excretion 0.44+0.01 0.44+0.01
(mmol/100 g body weight)
Daily urine flow (ml) 2.0£0.1 1.9+0.1
Urine osmolality (mosmol/kg) 2759 + 126 2743 £ 107
Plasma oxytocin (pmol/l) 16.6 £2.7 133+1.8

There were no significant differences between the two groups for any of
these parameters.

than in the iso-150 group [F(1,14)=7.3; P<.05; see Fig.
2]. However, there was no difference between the groups in
their plasma oxytocin concentrations [F(1,14)=1.1; NS;
Table 1].

3.2. Neuroanatomical distribution of ERf and the neuro-
hypophysial hormones

3.2.1. Double-labelling study

As illustrated in Fig. 3, cell nuclei showing ERp
immunoreactivity were found to be abundant in the poste-
rior magnocellular subnucleus of the PVN (pm) and ventral
SON. Magnocellular vasopressin-immunoreactive neurones
showed a similar pattern of distribution forming the core of

2
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Fig 2. (A) Plasma vasopressin concentrations and (B) plasma osmolality
in male rats fed a diet containing no soya isoflavones (iso-free) or a diet
containing approximately 150 pg/g total isoflavone (iso-150). The values
shown are the mean + S.EM. (n=8 per group). * P<.05 (ANOVA)
significantly higher plasma vasopressin concentration in he iso-150

group.
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Fig 3. Simultaneous detection of oestrogen receptor-p (ER{3) and oxytocin (OT) or vasopressin (VP) immunoreactivity in the hypothalamic paraventricular
(PVN) and supraoptic nuclei (SON) of intact male rats. ER3 immunoreactive cell nuclei (black dots) are abundant in the posterior magnocellular subnucleus
(pm) of the PVN (a, b) and the SON (c, d), regions known to project to the posterior lobe of the pituitary gland. OT-immunoreactive cells (labelled by the grey
diaminobenzidine reaction product) are located mainly at the periphery of the pm (a) and in the dorsal portion of the SON (c). In contrast, VP-immunoreactive
neurones form the core of the pm (b) and the ventral portion of the SON (d). In the SON, the incidence of ERp is low in OT cells (black arrow) (e) but more
abundant (black arrows) in VP cells (f). White arrows indicate OT (e) or VP (f) cells that are immunonegative for ERp.

the pm (Fig. 3b) and the ventral portion of the SON, displaying oxytocin immunoreactivity were located mainly
regions known to project to the posterior lobe of the at the periphery of the pm and the dorsal portion of the
pituitary gland; most of these vasopressinergic neurones SON. While nuclei immunolabelled for ERP were found in

were positive for ERP. In contrast, magnocellular cells a minority (25%) of oxytocin cells in the SON, this signal
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Table 2
Quantification of vasopressin, oxytocin and oestrogen receptor 3 (ERpP)
immunoreactivities and their coexpression in the SON

Analysis of sections Percentage of oxytocin Oxytocin or  ERP nuclei

immunostained or vasopressin cells vasopressin  counted
with ERp nuclei cells counted
Oxytocin+ ERP 25.0+3.3 624 + 74 1393 + 94
Vasopressint ERp ~ 62.6 £2.6 1896 + 39 1292 £ 70

Cells (mean + S.E.M.) immunoreactive for ER{3, oxytocin or vasopressin
were counted bilaterally in every sixth section throughout the rostrocaudal
extent of the SON (rn=5 rats).

was detected in the majority (63%) of supraoptic vasopres-
sin cells (Table 2).

4. Discussion

Experiment 1 found that the soya diet was without any
effect on body weight or fluid balance. Thus, the two dietary
groups did not differ in urine flow, sodium intake or
excretion, plasma sodium or in plasma and urine osmolal-
ities. Whilst we cannot identify the role of particular soya
isoflavones from our study, in an in vitro study, Somponpun
and Sladek (2002) found that genistein could mimic the
effect of oestrogen on NMDA-stimulated vasopressin re-
lease from the hypothalamus. Given that fluid balance was
unaffected despite differences in vasopressin concentrations,
it would appear that renal responsiveness could have been
affected. Oestrogen has been shown to affect renal respon-
siveness in the rat (Eckert et al., 1999). Furthermore, ER3
mRNA has been demonstrated in renal tissue of both
rat (Kuiper et al., 1997) and man (Brandenberger et al.,
1997).

An important consideration when investigating dietary
isoflavones is that the major circulating isoflavone metabolite
in rats fed daidzein is equol, a very physiologically active
nonsteroidal oestrogen that binds both to ERa and ERP
(Rowland et al., 2003). However, neuroanatomical local-
isation studies (Shughrue et al., 1997, 1996; Kuiper et al.,
1997) have demonstrated that in the SON and PVN of the
hypothalamus, ERP alone is expressed. It is therefore unlike-
ly that the presence of equol would play a significant role in
the modulation of the neurohypophysial hormones by its
interaction with ERa.

The results of Experiment 1 replicate those of our
previous study (Hartley et al., 2003), in which we found
that 18 days’ administration of diets differing in soya
isoflavone concentrations resulted in significantly different
vasopressin, but not oxytocin, concentrations. It also dem-
onstrates that the change in vasopressin can occur after
only 14 days of dietary modification, although it is not
known how rapidly these changes occur. Our two studies
used different ages of rat (young adults vs. mature adults),
but in neither case did the administration of the soya diet
result in any differences in gain in body weight or daily

food or water intake. This again is an important contrast
with the effects of oestrogen (Butera, 1996).

The soya diets used in Experiment 1 were selected from
those employed by Odum et al. (2001) for a study of the
effect of rodent diets on sexual development. Recently,
increasing attention has been paid to the composition of
commercially available diets. Brown and Setchell (2001)
have shown that some widely used diets formulated with
soya protein result in very high steady state serum isofla-
vone concentrations. The high isoflavone content of such
diets may, for example, interferes with responses to exog-
enously administered test compounds (Thigpen et al., 1999)
and with the sexual development of the animals (Odum et
al., 2001). Our results, together with those of Hartley et al.
(2003), show that hormonal levels can be altered; thus, the
soya content of various diets could be an important source
of interlaboratory variability in both endocrinological and
behavioural studies.

Although vasopressin release was influenced by soya
isoflavones in the diet, there was no significant effect on
oxytocin. Studies on ovariectomised female rats have dem-
onstrated mRNA for ERP in hypothalamic neurones immu-
noreactive for oxytocin, but these were largely found in the
caudal portion of the PVN (Hrabovszky et al., 1998). Other
studies on ovariectomised rats found that ER{ is only
associated with oxytocinergic neurones in the parvicellular
subdivisions of the PVN, those divisions forming descending
projections to the autonomic brainstem or projecting to the
median eminence (Alves et al., 1998). Stimulation of these
neurones would not affect circulating concentrations of the
hormone.

Experiment 2 provides an analysis of the colocalisation of
ER with oxytocin or vasopressin in the SON of the male rat.
The results indicate that 63% of the vasopressin neurones in
the SON display ER3 immunoreactivity; this immunoreac-
tivity is found in only 25% of the oxytocin neurones. The
present study focused on male animals; two previous studies
on female rats indicated greater expression of ERp mRNA
(Hrabovszky et al., 1998) and ER3 immunoreactivity (Alves
etal., 1998) in AVP as opposed to oxytocin containing cells of
the SON. Given the sexually dimorphic development of the
SON (Paula-Barbosa et al., 1993; Madeira et al., 1993), it
may be important to undertake quantitative comparisons of
these parameters between male and female rats. In this
context, it should be noted that Ishunina et al. (2000) found
a considerably higher incidence of ER 3 immunoreactivity in
SON vasopressin neurones in premenopausal women com-
pared with age-matched men; the incidence of ERa immu-
noreactivity in those neurones was lower than that of ERp
immunoreactivity in premenopausal women but higher in
men.

Studies on transfected cells have shown that ERa and ER(3
display differential regulation of the AVP promoter (Shapiro
et al., 2000). In cells with ERa, oestrogen stimulated lucif-
erase activity; oestrogen also increased promoter activity in
cells with low ER{3 concentrations. However, in the presence
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of high receptor concentrations, ERp-mediated transcription
was inhibited by oestrogen (Shapiro et al., 2000). Further
investigations will be required to establish how such obser-
vations relate to the present findings.

In summary, soya isoflavones, like endogenous oestro-
gens, can influence neurohypophysial function, enhancing
vasopressin release. No significant effect on oxytocin release
was demonstrated, which may be related to the lower inci-
dence of ERP immunoreactivity in oxytocin neurones com-
pared with vasopressin neurones.
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