
Differential effects of estradiol on drinking by ovariectomized rats
in response to hypertonic nacl or isoproterenol: implications for
hyper- vs. Hypo-osmotic stimuli for water intake

Alexis B. Jones and Kathleen S. Curtis
Department of Pharmacology and Physiology, Oklahoma State University Center for Health
Sciences, Tulsa, OK USA 74107

Abstract
We examined the effects of estradiol on behavioral responses to osmotic challenges in
ovariectomized (OVX) rats to test the hypothesis that estradiol enhances sensitivity to gradual
changes in plasma osmolality (pOsm) in stimulating water intake. Despite comparably elevated pOsm
after a slow infusion of 2 M NaCl, the latency to begin water intake was significantly less in estradiol-
treated OVX rats compared to that in oil vehicle-treated rats. Other groups of OVX rats were injected
with isoproterenol, which increases circulating angiotensin II. These rats then were given 0.15 M
NaCl to drink instead of water, to prevent decreased pOsm associated with water ingestion.
Isoproterenol stimulated 0.15 M NaCl intake by both groups; however, estradiol-treated rats
consumed less 0.15 M NaCl than did oil-treated rats, findings that are similar to those reported when
estradiol-treated rats consumed water. The estradiol enhancement of sensitivity to increased, but not
to decreased, pOsm suggests that estradiol has directionally-specific effects on osmoregulatory
drinking. Moreover, the estradiol attenuation of 0.15 M NaCl intake after isoproterenol suggests that
estradiol effects on osmoregulatory drinking are independent of those on volume regulatory drinking.
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1. Introduction
Ovarian hormones affect body fluid regulation in many species, producing fluctuations in
plasma osmolality and plasma volume across the reproductive cycle [1-3], during hormone
replacement [3-6] and, in humans, during the use of oral contraceptives [7]. The influence of
ovarian hormones on body fluid balance is perhaps best illustrated by the effect of estrogens
on vasopressin (VP), the antidiuretic hormone, which is critically important in body fluid
regulation. Baseline VP levels are increased by estrogen replacement in humans [4] and peak
during estrus in rats [2]. In addition, estrogens affect VP release stimulated by increased plasma
osmolality (pOsm), though there is disagreement about whether estrogens decrease the
threshold [5,8] or shift the curve to the left [3,9]. These findings suggest that estrogens increase
the sensitivity to increased pOsm and affect compensatory hormonal responses to this
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perturbation of body fluid balance. Consistent with this idea, it recently has been reported that
estradiol augments activation in the supraoptic nucleus, one of the central sites of VP neurons,
in response to a systemic salt load in ovariectomized rats [9]. Moreover, studies by Sladek and
colleagues [10,11] point to the importance of estrogen receptors (ERs) within the central
nervous system in the estrogen enhancement of osmotically-stimulated VP release.

Importantly, ERs are located throughout the central nervous system [12,13], including many
areas involved in body fluid regulation [10,11,13-16]. Thus, an influence of estrogens on other
centrally-mediated responses to increased pOsm seems plausible, particularly in regard to
compensatory behavioral responses. There is general agreement that, in rats, estradiol reduces
water intake stimulated by Angiotensin II (AngII) [17-19], the so-called ‘volume regulatory
drinking’. However, most researchers found that estradiol does not affect water intake
stimulated by osmotic challenges [17-19], although inhibition of ‘osmoregulatory drinking’
by estradiol treatment has been reported [20]. Differences in dose or duration of estradiol
treatment complicate the interpretation of these findings, but a more important issue is that the
typical strategy in this type of experiment has been to administer a large systemic salt load,
producing substantial hyperosmolality that stimulates copious water drinking. Thus, if estradiol
effects on osmotically-stimulated water intake mirror those observed with osmotically-
stimulated VP release, increased osmolality well in excess of the threshold may produce
maximal drinking regardless of the presence of estrogens and, consequently, obscure more
subtle effects of estrogens on osmotic regulation.

The goals of the present studies were to revisit the issue of estradiol effects on osmotically-
stimulated water intake and to extend previous studies by investigating estradiol effects on
behavioral responses to decreased pOsm. Accordingly, we examined the effect of estradiol
replacement on water intake stimulated by gradually increasing pOsm in ovariectomized rats
to test the hypothesis that the estrogen enhancement of sensitivity to increased pOsm in
stimulating VP release has a behavioral parallel—enhanced sensitivity to increased pOsm in
stimulating water intake. We next tested the hypothesis that estrogen enhancement of
sensitivity to changes in pOsm also includes behavioral responses to decreased pOsm by
assessing the effect of estradiol replacement on stimulated drinking when osmotic dilution
produced by water intake was prevented by providing isotonic saline as a drinking fluid. A
secondary goal of this latter experiment was to address the possibility that attenuated volume
regulatory water intake by estradiol-treated rats [17-19] is, in fact, a consequence of greater
inhibition resulting from enhanced sensitivity to the decreased pOsm that accompanies
stimulated water intake.

2. Methods
2.1 Animals

Adult female Sprague-Dawley rats weighing 225-325 g were individually housed in plastic
cages and given ad libitum access to Purina rodent chow (#5001) and water except as noted.
Rats were kept in a temperature-controlled room (21-25°C) on a 12:12 h light/dark cycle with
lights on at 7:00 AM. Experiments were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and all procedures were approved
by the Oklahoma State University Center for Health Sciences Animal Care and Use Committee.

2.1.1 Ovariectomy—Under sodium pentobarbital anesthesia (50 mg/kg body weight IP;
Sigma-Aldrich), rats were bilaterally ovariectomized (OVX) using a ventral approach and
given 7-10 days to recover.

2.1.2. Estradiol Replacement—Rats were given subcutaneous injections of 17-β-
estradiol-3-benzoate (EB, Fisher Scientific; 10 μg/0.1 ml in sesame oil) or the oil vehicle (OIL;
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0.1 ml) on a schedule that mimics patterns of estradiol fluctuations during the estrous cycle.
Specifically, rats were given EB or OIL daily for two consecutive days and were tested two
days after the second injection (i.e. on Day 4), a protocol we and others have used in behavioral
studies [17,21-25]. Rats were weighed daily during this replacement schedule.

2.2. Statistics
All data are shown as group Means ± SEs. Percent change in body weight during the EB/OIL
replacement schedule was calculated as 100 * [Day 4 weight (g) - Day 1 weight (g)] / Day 1
weight (g). Statistica software (StatSoft) was used for all statistical analyses.

2.3. Experiment 1. Hypertonic NaCl
2.3.1. Femoral Catheters—After OVX and recovery, rats were anesthetized with sodium
pentobarbital (50 mg/kg body weight, IP) and chronic, indwelling femoral venous catheters
consisting of PE-50 fused to PE-10 tubing were inserted. Catheters were filled with heparinized
0.15 M NaCl (100 U/ml) and the end was tunneled subcutaneously to exit at the back of the
neck. Rats were given one day to recover prior to EB/OIL replacement and testing as described.

2.3.2. Experiment 1a. Water Intake—During the two days of EB/OIL replacement, OVX
rats (OIL n = 11; EB n = 10) were adapted to testing procedures. Chow and water were removed
from the cages, catheters were connected to tubing attached to an infusion pump, and rats were
given water in graduated drinking tubes. Water intake was recorded after 60 min and averaged
for the two days of adaptation. On Day 4, chow and water were removed from the cages,
catheters were connected to the infusion pump, rats were given water in graduated drinking
tubes, and 2.0 M NaCl (HS) was infused intravenously at 35 μl/min for 60 minutes. We recorded
latency (min) to begin drinking during HS infusion, duration (min) of the first water intake
bout, and water consumed (ml) in the first bout. We defined a bout as ≥15 sec of drinking and
the termination of a bout as 30 sec with no drinking. In addition, total intake (ml) was recorded
at the end of the 60 min infusion.

2.3.3. Experiment 1b. Plasma Osmolality—A separate group of OVX rats were given
EB or OIL replacement and then adapted as described in Experiment 1a, except that water was
not available. On Day 4, chow and water were removed from the cages, catheters were
connected to the infusion pump and rats were infused intravenously with HS (OIL n = 7, EB
n = 6) or 0.15 M NaCl (CON; OIL n = 6, EB n = 6). Water was not available during the infusion.
Based on preliminary results from Experiment 1a, we focused on the time at which EB-treated
rats began drinking and infused rats with HS or CON at 35 μl/min for 15 min. Immediately
thereafter, rats were deeply anesthetized with sodium pentobarbital (0.2 ml, iv) and rapidly
decapitated to collect trunk blood. Aliquots of trunk blood were drawn into microcapillary
tubes, and then spun in a microcentrifuge (Thermo Electron) for determination of hematocrit
(hct) using a hematocrit reader (Thermo Electron) and of plasma protein concentration (pPro)
using a refractometer (Reichert). The remaining blood was centrifuged and plasma was
collected and stored at -20°C prior to analysis of pOsm (Vapor Pressure Osmometer, Wescor,
Inc).

2.3.4. Data Analysis—Independent heteroscedastic t-tests were used to compare % change
in body weight, latency to begin water intake, duration of the first water intake bout, and amount
of water consumed during the first bout. Total water intake during adaptation and HS infusion
were compared using 2-way analysis of variance (ANOVA) with hormone (EB or OIL) and
condition (HS or adaptation) as factors, repeated for condition. pOsm, hct and pPro were
compared using 2-way ANOVA with hormone (EB or OIL) and infusion (HS or CON) as
factors. Pairwise comparisons of statistically significant (p < 0.05) main effects or interactions
were made using Student Newman-Keuls tests.
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2.4. Experiment 2. Isoproterenol
Another group of rats (n = 11) were OVX and given EB/OIL replacement as described and
then tested for intake of 0.15 M NaCl after subcutaneous injection of 0.15 M NaCl (SAL) or
isoproterenol (ISOP), a β-adrenergic agonist commonly used in studies of stimulated water
intake. All eleven rats were tested in all four conditions and, to control for order effects, rats
were randomly assigned to one of two testing sequences (EB-SAL, OIL-ISOP, OIL-SAL, EB-
ISOP or EB-ISOP, OIL-SAL, OIL-ISOP, EB-SAL). Tests were conducted at weekly intervals.
OVX rats were adapted to testing procedures during the two days of EB/OIL replacement each
week. Chow and water were removed from the cages and rats were given 0.15 M NaCl in
calibrated drinking tubes for 60 min. On Day 4, chow and water were removed from the cages
and rats were injected with ISOP (30 μg/kg body weight) or SAL (1.0 ml/kg body weight).
Rats then were given 0.15 M NaCl in graduated drinking tubes and intakes were recorded at
15 minute intervals for 60 min.

2.4.1. Data Analysis—Paired t-tests were used to compare % change in body weight.
Comparisons of 0.15 M NaCl intake were made using 3-way ANOVA (hormone: EB or OIL;
drug: ISOP or SAL; and time), repeated for all three factors. Student Newman-Keuls tests were
used to examine statistically significant (p < 0.05) main effects or interactions.

3. Results
3.1. Body weight

Table 1 shows body weight (g) and % change in body weight during the four day EB/OIL
replacement and testing protocols. In both Experiment 1 (top) and Experiment 2 (bottom), EB-
treated rats lost weight, whereas OIL-treated rats gained weight. Differences in the % change
in body weight between EB- and OIL-treated rats were statistically significant (ps < 0.001) in
both experiments. These results are similar to those in our previous studies [17,23,25 see also
26] and demonstrate the effectiveness of EB treatment.

3.2. Experiment 1. Hypertonic NaCl
3.2.1. Experiment 1a. Water Intake—The latency to begin drinking during HS infusion
was significantly less in EB-treated rats than in OIL-treated rats (14.0 ± 2.2 min vs. 31.6 ± 4.9
min, p < 0.01; Figure 1A). Latencies to begin drinking for individual rats also are shown in
Figure 1A. Individual points from EB-treated rats are tightly clustered, which is consistent with
increased sensitivity to NaCl during high estrogen conditions. In contrast, the individual points
from OIL-treated rats span a greater range of latencies.

Despite group differences in the latency, once rats began to drink, the duration of the first bout
(Figure 1B) and the volume of water consumed in the first bout (Figure 1C) were comparable.
The total volume of water consumed during the HS infusion was significantly greater than that
during adaptation (Figure 2; [F(1,19) = 62.37, p < 0.001]), but there were no differences between
EB- and OIL-treated rats.

3.2.1. Experiment 1b. Plasma Osmolality—Table 2 shows the effect of EB on pOsm,
hct, and pPro after infusion with HS or ISO. pOsm was significantly increased after HS infusion
[F(1,21) = 56.66, p < 0.001], but there were no differences between EB- and OIL-treated rats
and no interactions between hormone and infusion. pPro was significantly decreased after HS
infusion [F(1,21) = 5.41, p < 0.05] and, again, there were no differences between EB- and OIL-
treated rats and no interactions. hct was not affected by EB treatment or by HS infusion.
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3.3. Experiment 2. Isoproterenol
As shown in Figure 3, both EB- and OIL-treated rats consumed more 0.15 M NaCl after ISOP
than after SAL injection [F(1,10) = 24.78, p < 0.001], but there were significant differences
between the groups as indicated by the hormone, drug, and time interaction [F(3, 30) = 4.32, p
< 0.05]. Pairwise comparisons of the interaction revealed that, after SAL injection, EB- and
OIL-treated rats drank comparable volumes of 0.15 M NaCl at each time point. Both groups
consumed significantly more 0.15 M NaCl at each time point after ISOP compared to intakes
after SAL (all ps < 0.001); however, after ISOP injection, EB-treated rats consumed most of
the 0.15 M NaCl in the first 15 min of the test and little thereafter (∼1.9 ml; 5.1 ± 0.6 ml/15
min vs. 7.0 ± 1.0 ml/60 min). In contrast, OIL-treated rats consumed 0.15 M NaCl throughout
the test, with intake at the end approximately twice that in the first 15 min (∼5.4 ml; 5.2 ± 1.1
ml/15 min vs. 10.6 ± 1.4 ml/60 min). In fact, 0.15 M NaCl intake by OIL-treated rats after 45
min was significantly greater than that after 30 min (p < 0.01) and intake after 60 min was
significantly greater than that after 45 min (p < 0.001). Moreover, OIL-treated rats consumed
significantly more 0.15 M NaCl than did EB-treated rats both 45 min (p < 0.01) and 60 min (p
< 0.001) after ISOP.

4. Discussion
There is general agreement that estradiol attenuates water intake stimulated by AngII, the
hormonal signal of loss of blood pressure or of blood volume. In contrast to the effect of
estradiol on volume regulatory drinking, most researchers report that estradiol does not affect
water intake stimulated by osmotic challenges [5,8,17-19], findings that are somewhat
surprising given estradiol effects on osmotically-stimulated VP release [3,5,8 9]. However, the
magnitude of hyperosmolality typically used to stimulate drinking may have limited the ability
to detect more subtle effects of estradiol. Accordingly, we tested the hypothesis that estradiol
enhances the sensitivity to increased pOsm in stimulating water intake.

EB treatment reduced the latency to begin drinking water during a slow infusion of a highly
concentrated NaCl solution (Figure 1A). More specifically, EB-treated OVX rats began
drinking in ∼14 min, less than half the time required for OIL-treated OVX rats to begin drinking
(∼32 min). Regardless of the differences in latencies, however, the duration of the first bout
of water drinking was comparable (Figure 1B) and both groups consumed comparable volumes
of water during the first bout (Figure 1C). Moreover, both groups continued to drink after the
first bout and consumed comparable volumes of water during the rest of the 60-min drinking
test (∼2.5-3.5 ml), so there was no difference between OIL- and EB-treated OVX rats in the
total volume of water consumed in response to HS infusion (Figure 2).

Measurements of pOsm at about the time EB-treated OVX rats began to consume water (after
15 min of HS infusion) showed that pOsm had increased to comparable levels in both groups
(Table 2). These results suggest that the difference in the latency to begin drinking observed
in Experiment 1a was not secondary to a greater degree of hyperosmolality during HS infusion
but, instead, may be attributable to enhanced sensitivity to increased pOsm. Consistent with
this idea, Stachenfeld and colleagues reported that, in humans, estrogens decrease the osmotic
threshold for thirst, as well as for VP release [5,8 27]. Given the antidiuretic actions of VP, one
might have expected the increased pOsm after HS infusion to be blunted in EB-treated rats;
however, 15 minutes may be insufficient time for the renal effects of enhanced VP release.
Alternatively, since estrogens increase the clearance of circulating VP [6,28], the urine-
concentrating effects of VP may be of shorter duration, despite the stimulation of VP release
at lower levels of hyperosmolality. In any case, pOsm after a slow HS infusion was not higher
in EB-treated OVX rats. On the other hand, there was a tendency for lower pOsm after CON
infusion in EB-treated rats compared to OIL-treated rats (Table 2). Although pOsm after CON
infusion was not statistically different in the two groups, we cannot rule out the possibility that
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differences in the magnitude of the change from baseline pOsm may have contributed, in part,
to differences in the latency to water intake. Additional studies of pOsm in the same rat before
HS and at the exact onset of drinking will be necessary to better determine the effect of estradiol
on the precise pOsm (and the change in pOsm) at which water intake is stimulated. Finally, it
should be noted that pentobarbital was administered immediately after HS or CON infusion
through the same catheter to rapidly anesthetize rats for collection of trunk blood. Since all rats
were given 0.2 ml of pentobarbital, we did not correct for the additional volume or for the NaCl
that otherwise would have remained in the catheter, though this may have contributed to the
variability in pOsm.

Together, the results of Experiment 1a and 1b show that EB treatment decreased the latency
to drinking during HS infusion, and that pOsm was comparably elevated in EB- and OIL-
treated OVX rats at the time when EB-treated rats began to drink water. There was less
variability in the latency to begin drinking—and therefore, less variability in the amount of
NaCl that had been delivered—which is consistent with enhanced sensitivity to increased pOsm
during high estrogen conditions. In contrast, OIL-treated rats required twice as much time (and
twice as much NaCl) to begin drinking. Nonetheless, the two groups consumed comparable
volumes of water in the first bout. Moreover, both groups continued to consume water after
the initial bout, so it would appear that the HS infusion produced a sustained hyperosmolality
that was sufficient to stimulate drinking throughout the 60-min test. The testing procedures we
used in these initial studies do not allow us to determine whether dynamic changes in pOsm
attributable to the absorption and equilibration of the ingested water or to renal excretion of
the infused salt load also were influenced by EB. Thus, although it is tempting to speculate
that estradiol shifts the concentration-response curve to the left, as has been reported for
osmotically-stimulated VP release [3,9], without further studies to measure urinary Na+

excretion, urine osmolality, and/or pOsm throughout the drinking test, we can conclude only
that estradiol enhances the sensitivity to increased pOsm in stimulating water intake.

The enhanced sensitivity to increased pOsm in EB-treated rats suggested by these findings
raises the possibility that estradiol effects on the sensitivity to changes in pOsm are not
unidirectional. That is, estradiol also may increase the sensitivity to decreased pOsm. In terms
of hypoosmolality and water intake, the act of consuming water is known to inhibit subsequent
fluid ingestion. Numerous factors contribute to this inhibition [for review, see 29], including
detection of the ingested water by visceral osmoreceptors and, ultimately, the dilution of body
fluids by absorption of the ingested water. We hypothesized that estradiol also enhances the
sensitivity to decreased pOsm in inhibiting water intake, which would lead to the prediction
that an episode of stimulated drinking would terminate more rapidly in EB-treated rats. This
is a straightforward premise; however, the assessment of behavioral responses to decreased
pOsm is complicated, not only by the difficulty of establishing and maintaining hypo-osmotic
conditions, but also by the necessity of doing so without interfering with the initial stimulus
for water ingestion. We took a different approach and substituted an isotonic saline solution
for water to prevent decreased pOsm during volume-regulatory drinking stimulated by
administration of isoproterenol (ISOP), a β-adrenergic agonist that causes pronounced
increases in circulating levels of AngII [e.g., 17,25].

We replicated the testing procedures used in our previous studies, in which we found that
estradiol attenuated water intake stimulated by ISOP without affecting the increase in
circulating AngII [17,25], except that rats were given 0.15 M NaCl to drink instead of water.
ISOP stimulated 0.15 M NaCl intake by both EB- and OIL-treated OVX rats. However, EB-
treated rats consumed very little 0.15 M NaCl after the first 15 min of the test, whereas OIL-
treated rats continued to drink and consumed significantly greater volumes of 0.15 M NaCl by
the end of the test. Given the similarity of these findings to those in our previous study
(including volumes consumed: OIL - 9.5 ml water, 10.6 ml 0.15 M NaCl; EB - 5.5 ml water,
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7.0 ml 0.15 M NaCl), these observations provide important insights in understanding estradiol
effects on both volume- and osmo-regulatory drinking. If estradiol increases sensitivity to
inhibitory signals of hypoosmolality arising from activation of osmoreceptors in the small
intestine and/or the central nervous system by gastric emptying and/or absorption of the
ingested water, then an initial episode of water drinking would be expected to inhibit
subsequent intake. Clearly, however, the attenuation of 0.15 M NaCl intake by EB-treated rats
cannot be explained by such inhibitory signals. Neither can the early termination of ingestion
be attributed to inexperience with the post-ingestive consequences of 0.15 M NaCl intake, as
all rats had access to the 0.15 M NaCl solution during the adaptation days that preceded each
test, in addition to repeated experience with 0.15 M NaCl intake during testing. Thus, estradiol
does not enhance the sensitivity to decreased pOsm in inhibiting water intake. Moreover,
enhanced sensitivity to decreased pOsm does not appear to underlie the estradiol-induced
reduction of volume regulatory drinking. Alternatively, if estradiol does increase the sensitivity
to hypoosmolality, it has, at best, a minor influence on drinking in the face of stimuli for volume
regulatory drinking.

In conjunction with previous studies, the present results suggest that there are separate effects
of estrogens on compensatory behavioral responses to body fluid challenges: estradiol
enhances drinking responses to increased pOsm, but blunts drinking responses to increased
AngII. Thus, rather than a global effect of estradiol to inhibit or stimulate both volume and
osmo-regulatory drinking via some common mechanism regardless of the stimulus, these
observations suggest that two separate mechanisms underlie the effects. In regard to the
mechanism of estradiol attenuation of volume regulatory drinking, several studies have shown
compelling evidence for a central mechanism. More specifically, estradiol has genomic effects
related to AngII receptor density [22], especially in the subfornical organ (SFO) [25], a
forebrain circumventricular organ (CVO). Given the role of the SFO in AngII-induced drinking
in male rats [e.g., 30], this downregulation of AngII receptors seems a likely candidate
mechanism for the estradiol-induced attenuation of drinking responses to ISOP, and possibly
to other volume regulatory challenges. The present findings are consistent with the possibility
that down-regulation of AngII receptors in the SFO also influences ingestion of isotonic saline
stimulated by ISOP.

On the other hand, changes in pOsm or plasma Na+ concentration are detected by osmosensitive
neural elements in CVOs [31,32], central nervous system structures with an incomplete blood-
brain-barrier. Therefore, estradiol may enhance the sensitivity to increased pOsm in stimulating
water intake by affecting the detection of increased pOsm by CVOs, most notably by neurons
in the forebrain Organum Vasculosum of the Lamina Terminalis (OVLT), which have been
reported to respond robustly to increased pOsm [33,34]. In fact, ERs are localized to neurons
in the OVLT that are activated by increased pOsm [11]. Another possibility is that estradiol
alters the detection of hyperosmolality by peripheral osmoreceptors located in the liver and/or
hepatic portal system [35] that send neural input to the hindbrain Nucleus of the Solitary Tract
(NTS) [36,37]. In either case, it is logical to conclude that, if detection is enhanced, then
increased sensitivity to hyperosmolality may affect multiple compensatory responses. The
present findings that estradiol decreases the latency to drinking, in conjunction with previous
reports that estrogens enhance osmotically-stimulated VP release [3,5,8,9] and that both the
OVLT and the NTS project to hypothalamic VP neurons [38,39], are consistent with this idea.

Alternatively, estrogens may not affect the detection of increased pOsm by osmoreceptors in
CVOs or in the periphery, but instead may alter activity in ‘downstream’ parts of central neural
pathway(s) involved in water intake. Very little research has focused on the actions of estrogens
in central pathways that influence osmotically-stimulated water intake, a behavioral response
that appears to involve acetylcholine [e.g., 40]. In fact, to our knowledge, only a single study
examined responses by female rats to central administration of a cholinergic agonist, carbachol
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[21]. No effect of estradiol was observed; however, only one dose of carbachol was used. Thus,
it is possible that estradiol affects the sensitivity to carbachol in stimulating drinking responses
in a way that mirrors estradiol effects on water intake in response to increased pOsm. Finally,
estradiol may affect both the detection of increased pOsm and the activation of central pathways
in osmotically-stimulated water intake, as suggested by parallel studies of VP release by Sladek
and colleagues [10,11]. In these studies, estradiol modulation of osmotically-stimulated VP
release was shown to require different subtypes of ERs that were differentially located within
the central nervous system—ERα on neurons in the OVLT and ERβ on VP neurons in the
hypothalamus.

As a steroid hormone, estradiol has genomic effects that may explain its ability to influence
the central nervous system. Estrogens have been reported to change neuronal morphology,
including dendritic and axonal branching; to up- or down-regulate receptors, such as AngII
receptors; and to affect neurotransmitter levels [15,22,24,25,41-43]. These long-term changes
may be complemented by recently recognized acute effects of estrogens on neuronal
excitability [41,42,44-46]. In either case, the present studies show that estradiol effects on
osmoregulatory drinking are independent of those on volume regulatory drinking. The
decreased latency to water intake by EB-treated rats during increased pOsm indicates increased
sensitivity to hyperosmolality that may be attributable to estradiol-mediated alterations in the
detection of the osmotic stimulus, to modulation of activation in central pathways independent
of changes in the initial detection, or to both. Ongoing investigations are addressing these
issues.
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Figure 1.
Latency to begin water intake (min; A), duration of first water intake bout (min; B) and water
consumed in the first bout (ml; C) during iv infusion of 2 M NaCl (35 μl/min). In OVX rats,
EB treatment (black bars) significantly decreased the latency to begin drinking (p < 0.05).
Individual rats are indicated by filled triangles (OIL-treated) or open diamonds (EB-treated).
The error bars are obscured by the individual points for the EB-treated rats, which are tightly
clustered around ∼15 min, and partially obscured by the individual points for the OIL-treated
rats, which span a wider range. EB treatment did not affect the duration of the first bout or the
volume of water consumed in the first bout.
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Figure 2.
Total water intake (ml) by OVX rats given OIL (white bars) or EB (black bars) treatment during
60-min adaptation or 60-min iv infusion of 2 M NaCl (HS) at 35 μl/min. Water intake was
significantly increased during HS infusion (p < 0.001), but there were no differences between
the hormone conditions.
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Figure 3.
Intake of 0.15 M NaCl (ml) by OVX rats given OIL (squares) or EB (circles) treatment in 60-
min tests after administration of Isoproterenol (ISOP; filled symbols, solid lines) or the 0.15
M NaCl vehicle (SAL; open symbols, dotted lines). Intake of 0.15 M NaCl was significantly
increased by ISOP (p < 0.001) regardless of hormone condition. However, in the last 30 min
of the test, EB-treated rats consumed less 0.15 M NaCl after ISOP than did OIL-treated rats.
d = p < 0.001 vs. corresponding time after ISOP within hormone condition; t = p < 0.01 vs.
previous time after OIL-ISOP; t* = p < 0.001 vs. previous time after OIL-ISOP; h = p < 0.01
vs. EB-ISOP at corresponding time; h* = p < 0.001 vs. EB-ISOP at corresponding time.
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Table 1
Body weight (g) and % change in body weight during EB/OIL replacement and testing. *** = p < 0.001

Experiment 1 OIL EB

Day 1 278.9 ± 6.6 291.8 ± 9.0

Day 2 280.5 ± 6.7 289.1 ± 8.7

Day 4 291.1 ± 5.4 284.4 ± 7.7

% change 4.46 ± 0.54 *** -2.31 ± 0.48

Experiment 2 OIL EB

Day 1 294.4 ± 4.5 302.1 ± 6.3

Day 2 295.9 ± 4.6 296.8 ± 6.2

Day 4 299.8 ± 4.5 290.5 ± 5.3

% change 1.85 ± 0.40 *** -3.75 ± 0.43
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Table 2
Plasma osmolality (pOsm; mOsm/L), hematocrit (hct; %) and plasma protein concentration (pPro; g/dL) in OIL- and
EB-treated rats after iv infusion (35 μl/min for 15 min) of 0.15 M NaCl or 2.0 M NaCl. * = p < 0.05, 0.15 M NaCl vs
2.0 M NaCl; *** = p < 0.001, 0.15 M NaCl vs 2.0 M NaCl

0.15 M NaCl 2.0 M NaCl

OIL EB OIL EB

pOsm 302.0 ± 0.7 298.7 ± 1.1 *** 309.1 ± 1.4 310.8 ± 1.6

hct 32.8 ± 1.5 32.2 ± 1.1 32.6 ± 0.2 32.6 ± 0.4

pPro 5.7 ± 0.2 5.4 ± 0.1 * 5.3 ± 0.1 5.3 ± 0.1
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