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Abstract
Adult male rats have been demonstrated to increase food intake in response to administration of drugs
that interfere with oxidation of fatty acids (e.g. methyl palmoxirate and mercaptoacetate [MA]),
effects that are larger in animals maintained on a high-fat diet. In contrast, while administration of
MA has been reported to stimulate food intake in pre-pubertal female rats, food intake is not
stimulated by MA in adult female rats. Instead, administration of MA to adult females results in
changes in reproductive behavior and physiology. The present experiments were designed to examine
the effects of administration of MA on food intake in adult female rats. The results demonstrated
that, as previously reported, food intake was stimulated by MA in adult male rats on low-fat and
high-fat diets, but food intake in was not stimulated by MA in gonadally-intact adult female rats on
either low-fat or high-fat diet. Further, MA did not stimulate food intake in female rats ovariectomized
as adults. However, when females were ovariectomized prior to the onset of puberty (postnatal day
25 – 28), food intake was stimulated by administration of MA in adulthood. Finally, cyclic injections
of 17-β-estradiol benzoate given to females ovariectomized prior to the onset of puberty abolished
the stimulatory effects of MA on food intake in adult females. Taken together, the data suggest that
exposure to estrogens during the time of puberty in female rats can persistently alter adult ingestive
responding to signals related to changes in energy utilization.

Animals, including rats, are sensitive to changes in the availability or utilization of energy,
with signals related to decreased energy availability resulting in the initiation of food intake
(Mayer 1955). For example, administration of glucoprivic drugs such as 2-deoxyglucose (2-
DG), 5-thioglucose, or insulin that interfere with the availability or utilization of glucose have
been demonstrated to stimulate food intake in adult male and female rats under a variety of
circumstances (Smith and Epstein 1969; Houpt and Hance 1971; Panksepp, Tonge et al.
1972; Ritter and Slusser 1980). In addition, administration of lipoprivic drugs [such as
mercaptoacetate (MA) or methyl palmoxirate (MP)] which interfere with the oxidation of fatty
acids has been demonstrated to result in increased food intake in adult, prepubertal and neonatal
male rats, with the effects of these lipoprivic drugs more pronounced in animals maintained
on diets that are high in fat (Friedman and Tordoff 1986; Friedman, Tordoff et al. 1986;
Langhans and Scharrer 1987; Langhans and Scharrer 1987; Swithers 1997; Scharrer 1999;
Swithers, McCurley et al. 2005). Taken together, these data suggest that signals related to
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decreases in metabolic energy availability serve to stimulate food intake in male and female
rats.

Additional work suggests that in female rats, signals related to reduced energy availability not
only influence ingestive behavior, but also interact with reproductive physiology and behavior.
For example, a number of studies have demonstrated that in female rats, mice and hamsters,
changes in metabolic fuel availability such as those produced by food deprivation or
administration of glucoprivic drugs such as 2-DG can suppress pulsatile LH release, inhibit
ovulation and vaginal estrus and reduce reproductive behavior (e.g. Schneider and Wade
1989; Cagampang, Maeda et al. 1990; Wade, Schneider et al. 1991; Dickerman, Li et al.
1993; Schneider, Finnerty et al. 1995; Nagatani, Bucholtz et al. 1996; Gill and Rissman
1997; Schneider, Goldman et al. 1997; I'Anson, Starer et al. 2003). In addition, in adult female
rats, reproductive status affects the behavioral consequences of administration of glucoprivic
agents, such as 2-DG, on food intake (Abizaid, Jafferali et al. 2001; Abizaid and Woodside
2002). For example, while adult virgin female rats demonstrate increased food intake after
administration of 2-DG, lactating females do not. Lipoprivic signals have also been
demonstrated to interfere with reproductive physiology and behavior, with MP and MA having
been shown to alter GnRH and LH release ovulation and vaginal estrus and sexual receptivity
in female rats, mice and/or hamsters (e.g. Dickerman, Li et al. 1993; Li, Wade et al. 1994;
Schneider, Hall et al. 1997; Schneider and Zhou 1999; Shahab, Sajapitak et al. 2006; Sajapitak,
Iwata et al. 2008). In contrast, lipoprivic signals have not been demonstrated to stimulate food
intake in female rodents. In fact, in a single published study, administration of MA to adult
female rats that were ovariectomized and primed with 17-β-estradiol 3-benzoate (EB) was
demonstrated to interfere with pulsatile LH release, but food intake was not stimulated (Shahab,
Sajapitak et al. 2006). The failure of MA to stimulate food intake in that study was attributed
to the low fat content of the maintenance diet. However, previous work in our lab had
demonstrated that female rats maintained on a low-fat chow diet and tested at 30 days of age
(e.g. prior to the onset of puberty), did show increases in food intake after administration of
MA that were similar to those displayed by male rats of the same age (Swithers, McCurley et
al. 2005). These results suggested that the failure of adult females to increase food intake
following administration of MA might not depend on the fat content of the maintenance diet,
but may instead reflect a developmental shift in the behavioral consequences of lipoprivic
signals in adult female rats following puberty.

The present experiments were therefore designed to test whether the effects of administration
of the lipoprivic drug MA on food intake in female rats are affected by the fat level of the
maintenance diet, by the female’s present ovarian hormone status, and/or the female’s previous
hormonal history. The effects of administration of MA on food intake were assessed in
gonadally-intact adult male and female Sprague-Dawley rats maintained on high fat or standard
chow diets (Experiment 1), in adult female rats following ovariectomy (OVX) and EB
administration (Experiment 2), in adult female rats OVX prior to puberty (Experiment 3, which
also examined the effects of glucoprivation in the same animals) and in adult female rats OVX
prior to puberty and exposed to EB during the period of puberty (Experiment 4). The results
suggest that exposure to estrogens during puberty may reorganize the female behavioral
response to MA, such that while MA interferes with reproductive physiology and behavior in
adult female rats, it does not stimulate food intake.

Methods
Experiment 1

Subjects were adult male (350 – 400 g) and female (225–275 g) age-matched Sprague-Dawley
rats (Harlan, Indianapolis) that were sexually and experimentally naive. Animals were housed
individually in hanging wire cages in an animal room maintained on a 14:10 light:dark cycle
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with lights on at 5:30 a.m. Following arrival in the lab, animals were placed on a standard low-
fat rat chow diet (Lab Diets 5001; 13 male and 13 female) or a high fat diet (12 male and 12
female) previously used in our lab (Lab Diets 5012 with 16% peanut oil and 4% starch added
by weight; approximately 40% of calories from fat; Swithers, Melendez et al. 2001) for two
weeks prior to testing. On the day of testing at approximately 10:00 a.m., animals were given
an i.p. injection of 46 or 69 mg/kg MA (23 mg/ml) or the 0.15M NaCl control. All animals
were tested once with each dose, with the order of testing counterbalanced across animals. At
least 3 days separated each intake test. Estrous cyclicity in female animals was not determined
in this experiment. Immediately following the injection, animals were given access to their
maintenance diet (high fat or low-fat) and intake was measured after 1, 2 and 4 hr. Statistical
analysis: The results from male and female rats were examined using separate 3-way Repeated
measures ANOVAs with Dose and Time as within-subjects factors and Diet as a between
subjects factor, with subsequent 2-Way (Dose × Time) ANOVAs performed for animals
maintained on each diet as indicated. Where indicated, post-hoc differences were analyzed
with Tukey’s HSD test. A p < 0.05 was taken as significant for all tests.

Experiment 2
Sexually and experimentally naïve, adult female rats (250 – 275 g at the time of surgery; Harlan,
Indianapolis) were placed onto the same high fat diet used in Experiment 1 and assigned to
one of three groups. All animals were anesthetized with ketamine (40 mg/kg) and xylazine (10
mg/kg), the flanks were shaved bilaterally, cleaned with iodine solution and incisions made
near the junction of the last rib and vertebral column. For two of the groups, the ovary was
lifted, the uterine blood vessels were ligated and the ovary removed with a scalpel. The
procedure was repeated on the opposite side. The third group received a sham surgery in which
the ovaries were exposed but not removed. Incisions were closed with wound clips that were
removed 1 week following surgery. Butorphanol (1.0 mg/kg, s.c.) was administered post-
operatively. All animals were allowed to recover for 1 week following surgery. Following
recovery, one group of OVX animals received subcutaneous injections of EB (10 micrograms/
0.1 ml cottonseed oil; n = 10) and one group received s.c. injections (0.1 ml) of the cottonseed
oil vehicle (n=10). Sham animals received s.c. injections of the cottonseed oil vehicle (n=8).
Injections were administered once every 4 days for 9 cycles to mimic cyclic variations in levels
of estrogens in gonadally-intact females. The dose of EB employed was supraphysiological
and was chosen to ensure that should its administration fail to produce an effect, it would not
be due to the use of a subthreshold dose. Food intake tests were administered two days following
the 7th EB injection and two days following the 9th EB injection; each animal was tested once
following an i.p. injection of 69 mg/kg MA and once following an i.p. injection of the saline
vehicle, and food intake was measured after 1, 2 and 4 hr. The order of MA and saline injection
was counterbalanced across animals; intake tests were conducted at approximately 10:00 a.m.
Food intake 1, 2, and 4 hr following administration of MA or saline was analyzed with a 3-
Way (Dose × Treatment × Time) Repeated Measures ANOVA with Dose and Time as within-
subjects factors and treatment as a between-subjects factor. Body weights on the day before
the first intake test were analyzed with a One-Way ANOVA (Treatment).

Experiment 3
Thirty-three Sprague-Dawley female rats bred in our laboratory (dams and sires obtained from
Harlan, Indianapolis) were weaned on P23 (day of birth = P0). OVX (n= 17) or sham OVX
(n=16) was performed as described above on P25 – P28, and animals were maintained on a
standard chow diet until testing. No more than 2 animals from each litter were tested in any
condition. Intake testing was performed when animals were at least 70 days of age. OVX and
sham OVX females were injected i.p. with 0 or 69 mg/kg MA and food intake was measured
at 1, 2 and 4 hr. At least 3 days separated the intake tests, and the order of MA dosing was
counterbalanced. At least 3 weeks following the MA tests, food intake was measured in the
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same females following administration of 200 mg/kg 2-deoxyglucose and 0.15 M NaCl (testing
with 2-DG was not completed in one OVX female; sample sizes for 2-DG = 16 for both sham
and OVX groups). At least 3 days separated these tests with the order of 2-DG dosing
counterbalanced across animals. Separate repeated-measures ANOVAs were performed on
food intake after MA and 2-DG, with Dose and Time as within-subjects variables and surgery
as a between subjects variable. Because subjects were different ages at the time of testing, body
weights were not analyzed.

Experiment 4
Experimentally and sexually naïve, female Sprague-Dawley rats, P20 – P21, purchased from
Harlan (Indianapolis) were maintained on a standard chow diet. Bilateral OVX was performed
in all animals on P27 – P28 as described above. Ten days after surgery, half of the animals
received subcutaneous injections of EB every 4 days as described above (n=9) while the
remaining half received s.c. injections of the cottonseed oil vehicle (n=7) every 4 days for 7
cycles; all animals also received s.c. injections of the oil vehicle two days following their
respective EB or oil injections. Body weights were recorded every two days during the
injections and for twelve weeks following administration of the last injection. Food intake was
tested twelve weeks following the last injection after animals received i.p. administration of
69 mg/kg MA or the saline vehicle, then animals were re-tested 4 days later in the opposite
condition. The order of testing was counterbalanced. Food intake after 1, 2 and 4 hr was
analyzed with a 3-Way (Time × Hormone × Dose) Repeated measures ANOVA with time and
dose as within-subjects factors and hormone as a between subjects factor. The amount of body
weight gained from the first to the last day of hormone injections and the amount of body
weight gained from the last day of hormone injections to the time of testing were analyzed with
separate Two-Way Repeated-measures (Hormone × Time) ANOVAs. Body weight on the day
prior to the first intake test was analyzed with a One-Way (Hormone) ANOVA.

All experiments were performed in accordance with the standards of the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were approved by the Purdue
University Animal Care and Use Committee.

Results and Discussion
Experiment 1

Male rats—As previously demonstrated (Langhans and Scharrer 1987; Langhans and
Scharrer 1987), in male rats, food intake was affected by the dose of MA (Main effect of Dose;
F 2, 46 = 28.05; p < 0.05), the diet on which animals were maintained and tested (Main effect
of Diet; F 1, 23 = 14.29; p < 0.05), and the elapsed time during testing (Main effect of Time;
F 2, 46 = 73.45; p < 0.05; Dose × Time interaction; F 4, 92 = 3.801; p < 0.05). Adult males
maintained on the high-fat diet consumed significantly more food than the males maintained
on the standard chow diet (data not shown). In addition, adult males maintained on the standard
chow diet, food intake was increased following administration of both doses of MA across the
4 hr of testing (Main effect of Dose; F 2, 24 = 13.20; p < 0.05; Main effect of Time; F 2, 24 =
67.01; p < 0.05; Dose × Time interaction; F 4, 48 = 2.857; p < 0.05). Similarly, males maintained
on a high fat diet demonstrated increases in food intake following both doses of MA across the
4 hr of testing (Figure 1A; Main effect of Dose; F 2, 22 = 14.97; p < 0.05; Main effect of Time;
F 2, 22 = 29.23; p < 0.05, No Dose × Time interaction; F 4, 44 = 1.66; p < 0.05).

Female rats—In adult female rats, food intake was affected by the diet on which they were
maintained and tested (Main effect of Diet; F 1, 23 = 12.17; p < 0.05;) and by the elapsed time
during testing (Main effect of Time; F 2, 26 = 94.19; p < 0.05). There were no significant main
effects of the dose of MA (F 2, 46 =0.15; p = 0.86), but there was a significant Dose × Time
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× Diet interaction (F 4, 92 = 2.84; p < 0.05; all other interactions n.s.). Subsequent analyses
revealed that in females maintained on the standard chow diet, there was a significant effect
of Time (Main effect of time; F 2, 24 = 42.67; p < 0.05), but no significant main effects or
interactions with the dose of MA. In females maintained and tested on the high fat diet, there
was a significant main effect of Time (Figure 1B; Main effect of Time; F 2, 22 = 52.35 p <
0.05) and a significant Dose × Time interaction (F 4, 44 = 3.64; p < 0.05). Post-hoc tests revealed
that the highest dose of MA resulted in significantly lower food intake in females on the high
fat diet after 4 hr compared to the saline control.

The results from Experiment 1 demonstrate that in contrast to adult male rats, gonadally-intact
adult female rats do not increase food intake following administration of MA, even when
maintained on a high fat diet. One candidate mechanism that might contribute to this male-
female difference in ingestive responding to lipoprivic signals is the influence of ovarian
hormones. Ovarian hormones are well known to influence food intake and body weight
regulation in adult female rats (e.g. Wade and Zucker 1970; Zucker 1972; Tarttelin and Gorski
1973; Blaustein and Wade 1976; Landau and Zucker 1976; Geary and Asarian 1999). In the
first experiment, levels of ovarian hormones fluctuated throughout testing, since intact females
were used. While the order of testing was counterbalanced across the animals, it remains
possible that the observed differences in males and females may have reflected higher
variability in baseline responses in the females due to the influence of endogenous hormone
levels. Further, the effects of glucoprivic signals vary based on hormonal status in female rats
(Abizaid, Jafferali et al. 2001). Thus, in the first experiment it is possible that the effects of
administration of MA on food intake were influenced by the level of ovarian hormones at the
time of testing. To control for such influences, the second experiment examined whether
circulating ovarian hormones influenced ingestive behavior in response to MA in female rats
by examining female rats following OVX with or without EB replacement.

Experiment 2 Results
OVX females given oil injections were significantly heavier than OVX females given EB or
sham females (Means ± SEM = 307 ± 4 g [OVX – Oil], 250 ± 4 g [OVX-EB] and 260 ± 5 g
[Sham]; Main effect of treatment; F 2, 25 = 51.9; p < 0.05). However, during testing, there
were no significant effects of the dose of MA or the hormone treatment on food intake (Figure
2; Main effect of time; F 2, 50 = 43.41; p < 0.05; all other comparisons n.s.). While these data
demonstrate that MA does not stimulate food intake in adult female rats following OVX,
previous work has demonstrated that rats tested on postnatal day 30 (P30) do show significant
increases in food intake following administration of MA (Swithers, McCurley et al. 2005).
Thus, it appears that between 30 days and adulthood, the effects of MA on ingestive behavior
change in female, but not male, rats. To determine whether these changes are related to
exposure to ovarian hormones during puberty, the next experiment was designed to test the
effects of MA on adult female rats OVX prior to puberty. In addition, because previous work
has suggested that hormonal status may affect food intake responses in female rats following
administration of 2-DG (Abizaid and Woodside 2002), we also examined the effects of 2-DG
on food intake in gonadally-intact females and females OVX prior to puberty.

Experiment 3 Results
When tested as adults, food intake in female rats OVX before puberty was significantly affected
by the surgery, dose of MA and time (Main effect of Dose; F 1, 31 = 7.22, p < 0.05; Dose ×
Surgery interaction; F 1, 31 = 4.78, p < 0.05; Main effect of Time = F 2, 62 = 89.32; p < 0.05;
Dose × Time interaction; F 2, 62 = 6.89; p < 0.05). Post-hoc analyses revealed that as seen in
Experiments 1 and 2, gonadally-intact females showed no increases in intake following
administration of MA (Figure 3A). In contrast, in females OVX prior to 30 days of age
administration of MA produced significant increases in food intake across all 4 hr of testing
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(Figure 3B). Further, unlike the effects of MA, administration of 2-DG resulted in increases
in food intake in both gonadally-intact adult females and females OVX prior to puberty (Figures
3C and 3D; Main effect of Dose; F 1, 30 = 16.13, p < 0.05; Main effect of time; F 2, 60 = 161.4;
p < 0.05; all other effects n.s). These results suggest that females not exposed to ovarian
hormones after 30 days of age display significant differences in ingestive responding to MA
compared to females with intact ovaries. Thus, exposure to ovarian hormones, such as typically
occurs during puberty, may persistently alter ingestive responding to lipoprivic signals in
female rats. To test this hypothesis, we compared the effects of administration of MA in females
OVX prior to puberty and given replacement EB or oil injections.

Experiment 4 Results
In females OVX prior to puberty, the effects of administration of MA on food intake were
influenced by the administration of EB during puberty (Figure 4; Main effect of Dose; F 1, 22
= 46.5; p < 0.05; Dose × Hormone interaction; F 2, 22 = 3.45; p < 0.05, Main effect of Time;
F 2, 44 = 181.5; p < 0.05). As seen in Experiment 3, females OVX prior to puberty and given
the oil vehicle showed significant increases in food intake when tested with MA as adults. In
contrast, in females OVX prior to puberty and given EB between P35 and P63, food intake
was not stimulated by administration of MA. In addition, OVX females given EB from P35 –
P63 gained significantly less weight during the injections (Main effect of Time; F 12, 168 =
807.3; p = 000000; Main effect of Hormone; F 1, 14 = 243.8, p < 0.05; Hormone × Time
interaction; F 12, 168 = 134.5; p < 0.05, data not shown). After termination of the injections,
the animals that had received the EB injections gained more weight than the animals that had
received the oil injections (Main effect of Hormone; F 1, 14 = 9.7; p <0.05; Main effect of
Time; F 41, 574 = 698.5; p < 0.05; Hormone × Time interaction; F 41, 574 = 49.9; p < 0.05,
data not shown). Despite the increased weight gain following the injections, EB treated OVX
animals weighed significantly less than OVX females given the oil vehicle, even twelve weeks
after the termination of the injections (Means ± SEM = 295 ± 6 g [OVX – EB] and 329 ± 7 g
[OVX – Oil]; Main effect of treatment; F 1, 14 = 12.8; p < 0.05).

The results of these experiments indicate that in contrast to adult male rats, adult female rats
do not show increased food intake in response to administration of MA, a drug that interferes
with fatty acid oxidation. These results are consistent with a previous report, in which such
differences in ingestive behavior were attributed to the low fat level of the diet on which the
females had been maintained (Shahab, Sajapitak et al. 2006). However, the present work also
demonstrated that even adult female rats maintained on a high fat diet do not show increases
in food intake following administration of MA. Thus, the fat composition of the maintenance
diet does not explain the significant differences in ingestive responses to administration of MA
in adult male and female rats. Further, the present data (Experiment 2) indicate that levels of
circulating ovarian hormones during adulthood are not directly related to failure of MA to
stimulate food intake in female rats. While females OVX as adults were significantly heavier
than sham OVX females or females OVX and given replacement EB, administration of MA
failed to stimulate intake in any of these adult females. In contrast, the results of Experiment
3 demonstrated that when ovarian hormones are removed just prior to the onset of puberty,
female rats continue to show increased intake following administration of MA when tested as
adults. These data suggest that exposure to ovarian hormones may play a role in altering
ingestive responses to lipoprivic signals after 30 days in female rats, with exposure to estrogens
during the time of puberty likely playing a key role since administration of EB during the
pubertal period abolished increases in food intake produced by administration of MA in females
that were OVX prior to puberty (Experiment 4).

The results of these studies underscore the critical links between systems mediating ingestive
behavior and physiology and those subserving reproductive behavior and physiology, links
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that have been highlighted by a number of demonstrations of direct effects of changes in
metabolic status on reproductive behavior and physiology (e.g. Schneider and Wade 1989;
Cagampang, Maeda et al. 1990; Schneider and Wade 1990; Wade, Schneider et al. 1991;
Dickerman, Li et al. 1993; Li, Wade et al. 1994; Wade, Schneider et al. 1996; Gill and Rissman
1997; Temple and Rissman 2000; Schneider, Buckley et al. 2002). Reproductive behavior
requires energetic investment, and animals that are exhibiting reproductive behavior cannot
simultaneously acquire and consume calories. Further, the energetic requirements of
reproduction differ significantly in males compared to females. These differences in energetic
investment associated with reproduction may help explain differential behavioral and
physiological responses to different signals related to changes in energy utilization, to
differences in responding in male compared to female rats, and to differences in females before
and after puberty. For example, in both male and female animals, short-term suppression of
reproductive physiology is produced by glucoprivation (Nagatani, Bucholtz et al. 1996).
Similarly, glucoprivation stimulates food intake in male and female rats, before and after the
onset of puberty (Smith and Epstein 1969; Ritter 1994; Abizaid and Woodside 2002; Swithers,
McCurley et al. 2005), and these effects on food intake do not differ between gonadally-intact
and OVX female rats (Experiment 3). These data are consistent with the hypothesis that low
levels of glucose availability may represent a signal that energy needs are presently critical,
and all resources should be immediately directed towards acquisition of food, and away from
reproductive behaviors. In this context, the failure of 2-DG to stimulate food intake in lactating
female rats may reflect already high levels of food intake in these females, intake that may not
be subject to further increases.

In contrast to emergent nature of signals related to low glucose availability, signals related to
decreases in the availability of lipids, such as those produced by administration of MA, may
represent a signal related to longer-term energy availability. Responses of male and females
might differ, then, because of the significantly greater long-term energy investments demanded
by reproduction in female mammals compared to males. For a male animal, a signal of low
long-term energy stores would be expected to stimulate food intake, and in males, lipoprivic
signals have clearly been demonstrated to increase food intake. However, lipoprivation might
not necessarily suppress reproductive behavior in males because both the short-term and long-
term energetic consequences of reproduction are comparatively low. Thus, males faced with
lipoprivic signals might continue to demonstrate near-normal sexual behavior if lipoprivation
represents a longer-term energy status signal. At present, the effects of lipoprivic signals on
reproductive behavior in males are not known.

In females, the meaning of lipoprivic signals appears quite different. In adult females, they are
potent short-term inhibitors of reproductive physiology and behavior (e.g. Schneider and Wade
1989; Wade, Schneider et al. 1996; Schneider, Hall et al. 1997; Temple, Schneider et al.
2002). Given the significant potential energetic investment that would accrue if she were to
reproduce, this short-term suppression in response to an acute signal of low fat availability
would be adaptive. In contrast, for females tested before the onset of reproductive maturity,
there would be no need for signals related to altered fat metabolism to modulate reproductive
behavior. Instead, lipoprivation that results in increased food intake in peripubertal rats may
contribute to the timing of the onset of reproductive maturity, since the onset of puberty in
female rats appears to be related to nutritional status, with fat-related signals appearing to play
a particularly important role. For example, vaginal opening and estrus are accelerated in female
rats fed a high fat diet compared to a low-fat diet (Frisch, Hegsted et al. 1975; Frisch 1980),
and the onset of puberty can be accelerated by administration of the adipose tissue-derived
hormone leptin (Ahima, Dushay et al. 1997; Chehab, Mounzih et al. 1997; Gruaz, Lalaoui et
al. 1998). In addition, food deprivation in females approaching puberty delays the onset of
puberty as evidence by decreased uterine and ovarian weights, and the absence of pulsatile LH
release (Bronson 1986). Ad lib feeding of the food-deprived females produced rapid reversal

Swithers et al. Page 7

Horm Behav. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of these effects, suggesting that signals related to ongoing energy deficits may contribute to
the suppressed reproductive development. For female rats, then, the role of lipoprivic signals
with respect to ingestive behavior may be to contribute to reproductive maturation. Signals
related to low fat stores may stimulate food intake, which leads to attainment of reproductive
maturity; following maturation, these signals may continue to serve as short-term modulators
of reproductive status, but no longer influence ingestive behavior.

At present, the mechanisms that underlie the developmental changes in ingestive behavior
following administration of MA in female rats remain unknown, and elucidating these
mechanism will require additional experimental work. The present work suggests that such
changes may result from exposure to increased levels of estrogens that typically occurs during
puberty in female rats. How estrogens might influence the development of neural circuitry
underlying ingestive responses to lipoprivic signals is not currently clear. In adult male rats, a
variety of neural structures related to control of food intake, including the nucleus of the solitary
tract, the lateral parabrachial nucleus, the lateral subdivision of the central nucleus of the
amygdala, and the lateral hypothalamic area (e.g. Ritter and Dinh 1994; Sergeyev, Broberger
et al. 2000) have been implicated in the stimulation of food intake by administration of
mercaptoacetate. While the establishment of basic pathways considered critical to regulation
of food intake and body weight appears to be accomplished well before puberty, the
development of such systems can be influenced by a variety of signals, including leptin (e.g.
Bouret and Simerly 2007), and it is possible that estrogens may interact with leptin during
puberty may influence subsequent ingestive responding in female rats. Future work will need
to explore whether alterations in neural circuitry or function contribute to the developmental
differences observed. In addition, the role of potential peripheral consequences of exposure to
estrogens will need to be determined. Finally, experiments examining whether the peripubertal
period represents a critical or sensitive phase during which exposure to estrogens produces
more pronounced effects compared to other ages (e.g. Sisk and Zehr, 2005) may provide insight
into how neural systems underlying control of ingestive behavior in females might be
reorganized during puberty.
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Figure 1.
Adminstration of MA (45 or 69 mg/kg MA, i.p.) at time 0 produced significant increases in
food intake at 1, 2 and 4 hr in gonadally-intact adult male rats (A; n= 12) maintained on a high
fat diet. In contrast, in gonadally-intact female rats (B; n=12) MA did not stimulate food intake
at any time point, but the highest dose significantly suppressed food intake at 4 hr.
* p < 0.05 compared to 45 and 69 mg/kg MA
# p < 0.05 compared to 0 mg/kg MA
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Figure 2.
Administration of MA (69 mg/kg, i.p.) at time 0 had no effect on food intake in female rats
(A) ovariectomized (OVX) and receiving cyclic injections (s.c.) of an oil vehicle[n=10]; (B)
OVX females receiving cyclic injections of EB [n=10] and (C) sham OVX females receiving
cyclic injections of the oil vehicle [n=8].
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Figure 3.
Administration of MA (69 mg/kg, i.p.) at time 0 did not stimulate food intake in (A) gonadally-
intact (sham OVX; n=16) adult female rats but did produce increased food intake in (B) adult
female rats that had been OVX prior to P30, n=17). Administration of 2-DG (200 mg/kg i.p.
at time 0) stimulated food intake in both (C) gonadally-intact (sham OVX) adult female rats,
n= 16 and (D) adult female rats that had been OVX prior P30, n=16.
* p < 0.05 compared to NaCl
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Figure 4.
Administration of MA (69 mg/kg, i.p.) at time 0 did not stimulate food intake in adult female
rats OVX prior to P30 given cyclic s.c. injections of EB (every 4 days between P35 and P63,
n = 9) but did stimulate food intake in adult female rats OVX prior to P30 given cyclic s.c.
injections of the oil vehicle (every 4 days between P35 and P63, n=7).
* p < 0.05 compared to Oil - NaCl
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