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Abstract
Female mammals are particularly sensitive to changes in food availability. The mechanisms that
affect sexual behavior and food intake are closely related to one another; chief among the mechanisms
that control sexual behaviors in females is estradiol. In order to understand how food deprivation
results in inhibition of sexual behavior (attractivity, proceptivity, and receptivity), we measured the
effects of food deprivation on circulating concentrations of estradiol. We also determined whether
estradiol treatment was sufficient to restore sexual behaviors in food deprived female meadow voles.
We found that estradiol titers of food-deprived female voles are significantly lower than those of ad
lib-fed female voles. Further, we found that estradiol treatment was sufficient to restore proceptivity
and receptivity in food-deprived, ovariectomized female voles. However, estradiol treatment was
not able to overcome the food deprivation-induced inhibition of attractivity. Thus, decreases in
estradiol titer of food-deprived female voles may be related to the suppression of their proceptive
and receptive behaviors, and may be a mechanism that allows females to avoid mating when
conditions are not propitious for their survival and that of their offspring.

1. Introduction
Reproduction involves a significant energetic investment, especially for female mammals. As
a result, female mammals inhibit sexual behavior and change physiological parameters relating
to sexual behaviors when a sufficient energy supply, in the form of foodstuff, is not present in
suitable quantity or quality 1–3. The physiological mechanisms that directly or indirectly cause
changes in sexual behaviors are of interest, as the mechanisms that control sexual behavior are
closely associated with the frequency and amount of food intake 4.

The role that gonadal steroids play in mediating sex behaviors has been known for a quite some
time. Additionally, considerable interest4–6 has focused on the effects of stressors, such as
food deprivation play in mediating the synthesis of gonadatropins and gonadal hormones. For
example, food deprivation or restriction interrupts the release of gonadatropin releasing
hormone (GnRH) and subsequently, luteinizing hormone (LH) and follicle stimulating
hormone (FSH) release; this, in turn, results in reduced secretion of gonadal steroid hormones
1, 4, 7. In a number of mammalian species including mice, rats, hamsters, musk shrews, and
non-human primates changes in circulating titers of gonadal steroids are induced by changes
in food availability cause 3, 8–10. For example, both food-restricted female mice and musk
shrews have lower gonadal steroid titers than those that are ad lib-fed 1, 8, 11. Food-deprived
intact golden hamsters have lower concentrations of circulating estradiol than do their ad lib-
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fed counterparts4, 12. These studies, however, did not report the titers of estradiol in steroid-
primed animals.

The role of estradiol in mediating sexual behavior in food deprived and restricted females is
not clear. Some studies have found that estradiol treatment reinstates short latency lordosis in
food- restricted female golden hamsters12, 13. A more recent study, however, reported that
priming females with a physiological amounts of estradiol was not sufficient to restore the
amount of lordosis in food deprived ovariectomized (OVX) golden hamsters, compared to
those that were ad lib-fed 14. Our lack of understanding the association among food
deprivation, circulating estradiol titers, and the sexual behavior of females are made even
murkier by the fact that many studies on food deprivation in female mammals focus on changes
in a single component of sexual behavior, usually sexual receptivity or lordosis. However,
sexual behavior is more complex than receptivity alone and measurement of lordosis does not
reveal if a female is or is not showing an amount of lordosis sufficient for intromission and
ejaculation. For example, females must first be attractive to males and display behaviors that
elicit proceptive behaviors from males 15. In rodents, attractivity is associated with the
production and secretion of odors by females that are attractive to males and proceptivity is
associated with the male’s response or odor preferences for particular females 3, 15–22. We
have shown that after acute food deprivation female voles were no longer attractive to males,
did not display proceptive behaviors when they encounter scent marks of males, and did not
copulate with male voles 22, 23.

Currently, we know little about the effects of acute food deprivation on more than a single
component of sexual behavior in other mammals. Further, we do not know whether suppression
of sexual behavior of food-deprived female voles is associated with a reduction in their
circulating titers of estradiol. Estradiol has been found to be necessary and sufficient for the
display of sexual behaviors in female meadow voles 16, 24, similar to that for females in other
species 1. However, the amount of time required for females meadow voles to inhibit and
subsequently recover sexual behaviors with re-feeding, were not the same were found with
other species 22, 23. Such differences may be attributed to species differences in the endocrine
and reproductive physiology that mediate sexual behavior of these small mammals.
Nevertheless, the available data suggest that changes in circulating titer of estradiol may be a
mechanism that underlies changes in sexual behavior in food-deprived or restricted female
mammals 3, 10, 11. The goal of the present study was to address the following two questions.
1) Is acute food deprivation sufficient to lower circulating titers of estradiol of female voles?
2) Is exogenous estradiol sufficient for female meadow voles to overcome the inhibitory effects
of food deprivation on the three components of sexual behavior? To address these questions
we tested the hypothesis that the expression of sexual behavior of food-deprived female voles
is associated with their circulating titers of estradiol. This hypothesis makes the following
predictions. 1) Acute food deprivation is sufficient to induce female meadow voles to have
lower circulating titers of estradiol relative to female voles that were not food deprived. 2)
Exogenous estradiol is sufficient for female meadow voles to overcome the inhibitory effects
of food deprivation on the three components of sexual behavior.

2. Materials & Methods
2.1 Animals

We used first and second generation laboratory born meadow voles descended from individuals
captured at the Miami University Ecological Research Center (Oxford, OH, USA). Voles were
maintained from birth under a long photoperiod (14:10h L:D, lights on at 0700h Central
Standard Time (CST). At 21 days of age voles were weaned and housed with littermates in
clear plastic cages (26 x 32 x 31 cm; l, w, h, respectively) containing wood chip bedding and
cotton nesting material. We changed cotton nesting material and hardwood shavings weekly.
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At 42 days of age, animals were separated from littermates and singly housed in clear plastic
cages (27 x 16.5 x 12.5cm; l, w, h, respectively) unless otherwise noted. Voles born and reared
in long-photoperiod reach puberty between 50–60 days of age 22. We used male voles that
were 90–150 days old and not previously food deprived. Males were sexually experienced,
having previously sired a litter. We also used female voles that were 80–150 days old, sexually
naïve, and not previously food deprived. Female meadow voles do not undergo estrous cycles
and those born and reared under a long-photoperiod (please see above) readily mate when
paired with long-photoperiod male conspecifics 22.

2.2 Food Deprivations
We weighed female voles 24 h before they were used in the experiment. By doing so, we were
able to assign female voles to treatment groups (see below for further details) using a
randomization procedure based on body weight. Thus, we insured that female body weight
was normally distributed across all treatment groups. Next, female voles were assigned to a
group that had continuous access to food (ad lib-fed, AL) or to one of the groups that were
food deprived for different intervals. Females in the ad lib-fed group received Purina Rodent
Diet # 5008 (PMI Inc., St. Louis, MO, U.S.A.) and water. Females in the food-deprived groups
received only water; we removed all the food from their cage tops and from the floor of their
cages. Female voles that were food deprived were without food for either for 0 h , 6 h, 12 h,
or 24 h. Females that were food-deprived for 6 h (FD 6) underwent tests for proceptivity and
receptivity, whereas those that were food deprived for 12 h (FD 12) and 24 h (FD 24) underwent
tests for attractivity, proceptivity, and receptivity. Females that were food deprived for 6 h did
not undergo attractivity tests because this interval was not sufficient to reduce the attractiveness
of their odors to male conspecifics22. Female voles were food deprived only once and returned
to their home cages after testing. The University of Memphis Institutional Animal Care and
Use Committee approved all procedures, and all procedures followed the guidelines set forth
by the National Institutes of Health.

2.3 Experiment 1: Is acute food deprivation sufficient to lower circulating titers of estradiol
of female voles?

2.3.1 Procedure—We food deprived female voles for 0 h (ad lib-fed), 6 h, 12 h, or 24 h
intervals as described above. When the females had been food deprived for the designated
interval, we anesthetized each one with isofluorane vapors and obtained a blood sample via
cardiac puncture. All sampling took place between 0800 and 0900 CST. We analyzed the
plasma samples via enzymatic immunoassay (EIA) using estradiol assay kits from Diagnostic
Systems Laboratories (DSL, Webster, TX, USA). Sample sizes were 8, 10, and 9 for the 0 h
(ad lib-fed), 6 h, 12 h, and 24 h food-deprivation intervals, respectively. Estradiol titers below
the assay’s detectable concentrations were included in the analysis and assigned a value of the
lower detectable limit of assay of 2 pg/ml of estradiol. We compared the estradiol
concentrations of ad lib-fed females and food-deprived female voles using a one-way ANOVA
followed by Student Newman-Keul’s post-hoc tests when appropriate. An alpha value of 0.05
indicated significant differences between groups.

2.4 Experiment 2 - Is exogenous estradiol sufficient for female meadow voles to overcome
the inhibitory effects of food deprivation on the three components of sexual behavior?

2.4.1 Surgical procedure & hormone replacement—Forty female voles were
anesthetized with a mixture of ketamine and xylazine (2.5 mg ketamine and 3 mg xylazine/kg
body mass, IP) and ovariectomized via flank incisions. The ovariectomized (OVX) females
were implanted with an empty 12-mm long Silastic capsule (Dow Corning, Midland, MI,
U.S.A., o.d. 1.956 mm, i.d. 1.4732 mm) or one containing 5 mm active length of estradiol-17
β (Sigma-Aldrich Co., USA), which is sufficient to restore attractivity and proceptivity in
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meadow voles 16. All capsules were placed subcutaneously in the intrascapular region via a
small incision.

2.4.2 Food deprivations and treatment groups—The 43 OVX voles were divided into
two groups, 23 voles were implanted with a capsule filled with estradiol (OVX+ E2). The
remaining 20 voles were treated with an empty capsule (OVX + blank). Fourteen to twenty
days following surgery, both the OVX+ E2 treated females and the OVX + blank treated
females were separated into two subgroups. The OVX + E2 subgroups were comprised of a
group of 10 females that were ad lib-fed (OVX + E2 AL) and another group of 10 females that
were food-deprived for 6, 12, or 24 h (e.g., OVX + E2 FD 6, OVX + E2 FD 12, etc.) . The OVX
+ blank subgroups consisted of one groups of females that were ad lib-fed (OVX + blank AL)
and groups of 6–10 females that were food deprived for 6, 12, or 24 h (e.g., OVX + Blank FD
6, OVX + Blank FD 12 h, etc.). After the females were food deprived for the respective
intervals, they were tested for their attractivity, proceptivity, and receptivity.

2.5 Attractivity Test
2.5.1 Subject and Scent Donors—All sexual behavior tests began at 0800h CST. Scent
donors were the female voles in the different treatment groups as detailed above: OVX + E2
AL females, OVX + E2 FD females, the OVX + blank AL females, and the OVX + Blank FD
females. All paired female donors were similar in weight (within 5 g), and unfamiliar and
unrelated to the male that was investigating their odors. Subjects in the attractivity tests were
46 male voles (see above for further details). Each male was tested once with a unique pair of
female odor.

2.5.2 Procedure—Fresh anogenital area scent marks were obtained for each trial from each
female scent donor. We chose anogenital scent marks because they convey sex-specific
information to conspecifics and their attractiveness to conspecifics is affected by the length of
time that female voles have been food deprived 22, 23. Briefly, scent marks from the anogenital
area were collected by rubbing a clean glass microscope slide against this area of the donor for
5–10 s. The resulting in an approximately 1.0 x 0.2 cm streak (scent mark) from each donor
was placed randomly on either the right or left-side of the slide. Sixty seconds elapsed between
placement of the scent marks from the first and second donor.

This type of attractivity test has been used in previous studies on voles and detailed elsewhere
22, 23. Briefly, each male was presented in its home cage with a clean glass microscope slide
(2.5 x 7.6 cm) that was divided into three equal sections (each 2.5 cm long). For example, one
end section contained the anogenital area scent mark from an OVX + E2 FD 12 female and the
other end section contained the anogenital area scent mark from an OVX + E2 AL female. The
middle section contained no stimulus odor. The placement of a particular scent mark either on
the left or right side of the slide was random and unknown to the experimenter. The slide was
suspended by a clasp and wire hanger approximately 1 cm above the substrate and against the
wall opposite the male’s nest. We then recorded, during the 5-min test, the total amount of time
that subjects investigated the marks from that pair of scent donors. Each slide was used only
once and then discarded. During each 5-minute test, we recorded continuously the time each
male investigated the two scented sections of the slide, and the middle section of the slide.
Criteria for investigation of a mark were that: 1) the male was obviously licking or sniffing a
stimulus odor or its nose was within approximately 1 cm of one end of the slide, 2) it
investigated both of the two scented areas on the slide, and 3) it spent more time investigating
the two scented areas of the slide than the clean middle section 22, 23.

We used paired t-tests for each comparison to determine if subjects spent significantly more
time investigating a mark from the paired female scent donors; an ANOVA-type test would
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be inappropriate given the nature of the data, as there was no common denominator between
all of the groups involved 23, 25. We considered the mark investigated for a longer duration
as being more attractive.

2.6 Proceptivity test
2.6.1 Procedure—This test is similar to the attractivity test detailed above except in the
proceptivity test ad lib-fed females and food-deprived females were exposed to a glass slide
for 5 min that contained an anogenital area scent mark of a male conspecific on one end of the
slide and the anogenital area scent mark of a female conspecific on the other end of the slide.
In this test, the male and female scent donors had continuous access to food 22, 23, 25. Thus,
we measured the amount of time that OVX + E2 AL females, OVX + E2 FD females, OVX +
blank AL females, and OVX + blank FD females investigated anogenital odors of a male and
those of a female conspecific. We analyzed the differences in investigation time between
groups with a one-way analysis of variance (ANOVA). In order to construct a single continuous
variable from 2 investigation times, we calculated the proportion of time spent with male odors
out of the total investigation time. To meet the equal variance assumption, we arcsine square-
root transformed the proportions. Post-hoc tests were performed using Student’s Newman-
Keuls post-hoc analyses when appropriate.

2.7 Receptivity test
2.7.1 Procedure—Immediately following their proceptivity test, each female was moved to
a larger cage (37 x 21 x 15 cm; l x w x h) containing clean hardwood shavings, clean cotton
bedding and continuous access to food and water. An additional 20 intact female voles
(reference females) were also moved to larger cages. Ten of the reference females were ad
lib-fed, whereas the remaining 10 reference females were food deprived for 12 h.

Fifteen min after the females were placed into the large cage, a sexually experienced, unfamiliar
male conspecific was placed into the cage with them. Voles were paired between 0830 and
0900 h CST. We allowed pairs to interact for 4 h, and filmed them in real time using video
cameras and recorders. During videotape playback we recorded the occurrence or non-
occurrence of intra-vaginal ejaculation. We considered a female to display sexual receptivity
if she allowed the male to ejaculate intra-vaginally one or more times during the 4 h encounter
22, 23. A Kruskal-Wallis non-parametric ANOVA was used to test for overall differences in
receptivity among control and experimental groups. These were followed up with Mann-
Whitney tests for pair-wise comparisons. An alpha value of 0.05 indicated that statistical
differences existed among and between groups.

2.8 Experiment 3: Verification of estradiol treatment
2.8.1 Procedure—We measured the estradiol titers of five OVX-blank FD 12 h food-
deprived females and five ad lib-fed- OVX-E2 females 10 days after their final sexual behavior
test. We followed the procedures described in experiment 1 for blood sampling and analysis.

3.0 Results
3.1 Experiment 1

We found that concentrations of estradiol were different among ad lib-fed and food-deprived
groups of female voles (F (3,28)= 16.076, P < 0.001). The estradiol titers of food-deprived
female voles were lower than those of females in the ad lib-fed group (AL fed vs. FD 6 h, p <
0.001; AL fed vs. 12 h FD, p < 0.001; AL fed vs. 24 h FD, P < 0.001; Fig 1). Student Newman-
Keul’s tests revealed that the estradiol titers of females in each of the food-deprived groups
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were similar (6 vs. 12 h FD, P = 0.997; 6 vs. 24 h FD, P = 0.996; 12 vs. 24 h FD, P = 0.999,
Fig 1).

3.2 Experiment 2
3.2.1 Attractivity—Male voles were exposed to the odors of two different female voles that
differed in their hormonal state (presence of absence of estradiol), food deprivation state (food
deprived or not food deprived), or both. We analyzed the different food deprivation intervals
in separate analyses. All male voles investigated both of the two scented areas on the slide, and
spent more time investigating the two scented areas of the slide than the clean middle section,
and thus, were included in the analysis. Males preferred the odors of ad lib-fed OVX-E2-treated
females to those of ad lib-fed OVX-blank treated females (t = 3.04, df = 7, P = 0.019, Fig. 2).
Further, males preferred the odors of ad lib-fed OVX-E2-treated females to the odors of food-
deprived OVX-E2-treated females (t = 3.0; df = 9, P < 0.05; Fig. 3a). Males preferred odors
of 12 h food deprived OVX + E2 females to those of ad lib-fed OVX + blank females (t = 2.7,
df = 6; P = 0.043; Fig. 4b). Additionally, males preferred the odors of OVX + E2 AL-fed voles
to those of OVX + E2 FD 24 h females (t = 2.47, df = 6; P = 0.047). However, they did not
show a preference for odors of OVX + E2 FD 24 h females over those of OVX +blank AL-fed
females (t = 0.112, df = 7; P = 0.917). Finally, there was no effect of food availability or
estradiol treatment on the latency of males to investigate the slides containing the female scent
marks. The latency for investigation was similar for males investigating females in the different
treatment groups (P > 0.1, all comparisons) with an average of 18.4 ± 7.1 s (mean ± SEM).

3.2.2 Proceptivity—Females investigated male odors more than they did female odors if
they were treated with estradiol, regardless of their feeding condition (Fig. 5). The proportions
of time different categories of females spent with male vs. female odor were compared with a
one-way ANOVA. Student’s Newman-Keuls post hoc tests revealed that the OVX + blank,
AL and OVX + blank FD 12 h showed similar amounts of proceptive behavior, falling into a
homogeneous subset (P = 0.125, Fig. 5). Newman-Keuls post-hoc tests also showed that OVX
+ E2 AL, OVX+ E2 FD 6 h, OVX + E2 FD 12 h, and OVX+ E2 FD 24 h showed similar amounts
of proceptive behavior, falling into the same homogeneous subset (P = 0.603, Fig. 5). Thus,
females without estradiol replacement showed less proceptive behavior towards males than
did females receiving estradiol replacement, regardless of their feeding condition.

3.2.3 Receptivity—There were overall differences in receptivity amount the groups of
females in the experiment (H = 50.213, df = 7; P < 0.01). Intact food-deprived females failed
to display sexual receptivity towards males, when compared to those that were ad lib-fed (Fig.
6). Ad lib-fed females treated with estradiol displayed sexual receptivity towards males,
whereas ad lib-fed females that were not treated with estradiol (OVX + Blank, AL) were not
receptive to males. There were no differences in sexual receptivity shown by OVX + Blank
AL female voles and intact food-deprived female voles (U = 50, P > 0.5); these females were
not sexually receptive to male conspecifics (Fig. 6). There were no differences in the display
of sexual receptivity by ad lib-fed OVX + E2 AL females and ad lib-fed intact females when
they were paired with a sexually experienced male (U = 40.0, P =0.342, Fig. 6). For the
estradiol-treated females, the interval of food deprivation did not affect their sexual receptivity
displayed toward males (OVX+ E2 AL vs. OVX + E2 FD 6 h, U = 45.0, P = 0.542; OVX+
E2 AL vs. OVX + E2 FD 12 h, U = 37, P = 0.680; OVX+ E2 AL vs. OVX + E2 FD 24 h, U =
45.0, P = 0.615; OVX + E2 FD 6 h vs. OVX + E2 FD 12 h, U = 39.0, P > 0.5; OVX+ E2 FD
6 h vs. OVX + E2 FD 24 h; U = 40.0, P = 0.276; OVX + E2 FD 12 h vs. OVX + E2 FD 24 h,
U = 33.0, P > 0.5, Fig. 6).
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Experiment 3.3
Most of the OVX females not given hormone replacement had estradiol titers below the
detectable limits of the assay. OVX with titers below the detectable limit were assigned a value
equal to the lower sensitivity of the assay, 2 pg/ml. The OVX + blank, both food-deprived and
ad lib-fed females were pooled, as there were no significant differences between them, and
they had an average of 4.6 ± 0.7 pg/ml of estradiol. The randomly selected sub-sample consisted
of 5 OVX + E2, ad lib-fed females and 5 OVX E2, food-deprived females. The OVX + E2, ad
lib-fed females had an average estradiol titer of 292.84 ± 39.36 pg/ml and the OVX + E2 food-
deprived females had an average estradiol titer of 264.44 ± 22.55 pg/ml. Neither of these groups
differed significantly from ad lib-fed intact females (Fig. 1). (One-way ANOVA,
F(2,15)=1.146, P = 0.344), nor did they differ from one another (Student Neuman Kuels P =
0.385). The average intra-assay and the inter-assay coefficients of variation were 11.8% and
15.3%, respectively.

4. Discussion
In this study, we determined whether suppression of sexual behavior of food-deprived female
voles was associated with a reduction in their circulating titers of estradiol. The results of the
first experiment showed that food deprivation decreased the concentration of circulating
estradiol in female meadow voles. That is, females that were food deprived for 6, 12 and 24 h
had lower circulating estradiol titers relative to those of female voles that had continuous access
to food (ad lib-fed). This finding supports our prediction that acute food-deprived females have
lower estradiol titers than do female voles that had continuous access to food. Our data are also
in agreement with the hypothesis that food deprivation lowers endogenous sex steroid
concentration in food-deprived female mammals26, 27. Experiments conducted with mice,
rats, hamsters, and primates reflect similar results. Lowering food availability or food intake
reduces many physiological functions, among those that are relevant to decreasing estradiol
titers, are decrease in function that the gonadatropin releasing hormone circuits that govern
luteinizing hormone release 3, 4, 7, 10, 26–28. In the present study, we did not track changes
in gonadotropin releasing hormone or luteinizing hormone. Yet, the net effect that we observed
was a decline in estradiol titers of female voles that underwent acute food deprivation, and that
the estradiol titers of these females were similar to those of female voles that were
ovariectomized.

The results of experiment 2 showed that the decrease in their circulating estradiol titer was
concomitant with the reduction or suppression of attractivity, proceptivity, and receptivity in
food-deprived female voles. To our knowledge, this experiment is the first to address the
necessary and sufficient role of a hormone in affecting olfactory cues, olfactory responses, and
sexual behavior in the same animals. We assessed the attractivity of females in various states,
relative to one another, by letting a male vole investigate their odors and measuring the time
the spent investigating each odor. We manipulated the intervals of food deprivation and the
estradiol treatments, and we found, that attractivity of the odors of food deprived female voles
were significantly less attractive than the odors of ad lib-fed female voles. In addition, estradiol
treatment was not sufficient to overcome negative effects of food deprivation on odor
attractivity in female meadow voles that was caused by 24 h of food deprivation. That is, 24 h
of food deprivation was sufficient to lower attractivity in OVX + E2 females to the level of
attractivity to the level of OVX + blank, AL-fed females. This result is similar to our previous
findings showing that 24 h of food deprivation was necessary to reduce the attractivity of odors
of food-deprived female voles to male conspecifics 22. Our current results suggest that the
decrease in attractivity among food-deprived females is independent of estradiol. These results
are the first of their kind and of particular interest in that results from a previous study show
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long-term changes in attractivity among female voles are dependent on circulating estradiol
titers 19.

We posit three possible mechanisms that may account for the difference in attractivity of odors
to males produced by food-deprived female voles. First, food deprivation induces a decrease
in overall metabolic rate29; that could slow down the metabolism of estradiol, decreasing the
concentration of estrogen metabolites in the anogenital area secretions or affect the activity of
sebaceous tissues in the anogenital area of food-deprived females. The concentration of
estrogen metabolites in these secretions could also be changed by a decrease in estrogen
receptor immunoreactivity in the periphery, similar to food deprivation-induced changes in the
central estrogen receptor immunoreactivity30. Second, food deprivation may induce a rise in
ketone body secretion resulting from increase oxidation of proteins during starvation. Ketosis
generally produces unattractive body odors in humans31 and may induce food-deprived female
voles to produce odors that are no longer attractive to male voles. Third, it is possible that
metabolites from glucose, lipid, protein, or progesterone metabolism contribute to attractivity
of female odors. In this case, estradiol treatment of OVX food deprived females would not be
sufficient to fully restore the attractivity of odors.

We also determined whether the display of proceptive behavior of female voles was affected
by the effects of estradiol and their access to food. We did so, by allowing female voles in
different treatment groups to investigate the scent marks of both male and female conspecifics.
We found that food deprivation induced females to suppress their proceptive behavior, in this
case their preferences for the scent mark of male conspecifics to that of female conspecifics.
A preference for the scent mark of male conspecifics over that of a female conspecific was
induced after the food-deprived females received a physiological dose of estradiol. Our current
findings were similar to those that show that estradiol replacement is sufficient to restore the
odor preference of ovariectomized female voles for the odors of male conspecifics to that of
female conspecifics 19. Our results are among the first in demonstrating that the proceptive
behaviors of food-deprived female voles and ovariectomized voles depend on physiological
concentrations of estradiol for their expression. Earlier work indicated that scent marking in
musk shrews declined with metabolic fuel manipulation that is similar to food deprivation, but
that study did not examine the role of gonadal hormones in mediating this effect 32.

In the present study, receptivity was restored in food-deprived female voles when they are
treated with exogenous estradiol. Our findings augment a list of studies showing that food
deprivation lowers estradiol titers and inhibits sexual receptivity in female mammals 3, 4, 7,
26–28, 33–35. Our results, however, are different from those reported for Syrian hamsters and
musk shrews. We found that physiological doses of estradiol were sufficient to induce
receptivity in food-deprived female voles. In contrast, gonadal steroids do not change in
concentration as a result of food restriction11, although manipulating food availability also
inhibits the sexual behavior of female musk shrews 32, 36, 37. In addition, food-deprived OVX
hamsters treated with estradiol and progesterone displayed lordosis for shorter durations than
did ad lib-fed intact females.

Although we found that estradiol treatment was sufficient to restore proceptive and receptive
behavior in food-deprived female, the present study did not examine other possible
mechanisms that may mediate the effects of food availability on sexual behavior. First,
procuring and ingesting food stimulates the mouth and then causes distention of the gut; these
signals reach the brain directly via the glossopharangeal nerve or the vagus nerve, respectively,
and may impart information that food is available4. This stimulation may, in turn, stimulate
cells in the hypothalamus to release gonadatropin releasing hormone, causing the pituitary to
release luteinizing hormone, and then the ovaries would synthesize and release estradiol4.
Perhaps, food deprivation disrupts this pathway, and results in decreased circulating estradiol
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(c.f. 13, 39). Second, the amount of metabolic fuels available to cells may mediate sexual
behaviors30. In hamsters, hindbrain neurons in the area postrema are responsible for processing
the presence of metabolic fuels sending signals to the reproductive centers of the brain to be
active or not 3, 13, 32, 39, 40  3, 41. Third, other hormones that change with food intake may
mediate sexual behavior. Decreases in these anorexogenic hormones (leptin and insulin) or
increases in orexogenic hormones (e.g., ghrelin, neuropeptide Y, agouti related protein,
cholecystokinin) induced by fasting may be responsible for signaling the brain to suppress
sexual behavior41–43. Leptin’s effects appear to be dose dependent and paradoxical, and
cholecystokinin appears to have little effect on mediating sexual behavior in hamsters44, 45.
Last, the amount of body fat an individual has may mediate their sexual behavior 46, but several
studies, including some with voles, do not support this hypothesis47, 48.
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Figure 1.
Mean ± SEM of estradiol titers of female voles in after being food deprived for different
intervals. Also shown are the mean estradiol titers for the ad lib-fed and food deprived OVX-
E2 treated female voles. There were no statistical differences between the groups of females.
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Figure 2.
Mean ± SEM time (s) male voles spent investigating odors of OVX+E2, ad lib-fed vs. odors
of OVX + blank, ad lib-fed female voles. Significant difference designated by ** indicates P
< 0.01.
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Figure 3.
The mean ± SEM time (s) male voles spent investigating odors of (A) OVX+E2, ad lib-fed
females compared to those of OVX+E2, FD 12 h females and the odors of (B) OVX+E2, 12 h
food-deprived females compared to those of OVX + blank, ad lib-fed females. Significance
differences signified by * indicates P <0.05, and ** indicates P < 0.01.
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Figure 4.
The mean time (s) ± SEM time (s) male voles spent investigating odors of (A) OVX+ E2, 24
h food-deprived compared to those of OVX+ E2, ad lib-fed females and odors of (B) OVX+
E2, 24 h food-deprived females compared to those of OVX + blank, ad lib-fed females.
Significance differences signified by * indicates P <0.05, and ** indicates P < 0.01.
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Figure 5.
The proportion (mean ± SEM) of time (S) female voles spent investigating the odors of male
conspecifics. Different letters designate significant differences at P < 0.05.
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Figure 6.
The proportion of female voles from the different treatment groups that displayed receptivity
when paired with sexually experienced male voles. Different letters designate significant
differences at P < 0.05.

Pierce et al. Page 17

Physiol Behav. Author manuscript; available in PMC 2008 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


