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Abstract
Binge eating is more common in females than in males. This study investigated the effects of ovarian
hormones on binge-eating behavior in a diet-related rat model. Six groups of ovariectomized
Sprague-Dawley rats were used (n=13/group). All rats had continuous access to chow and water
throughout the study. One half of the rats were injected every fourth day with estradiol benzoate
(2μg/100μl sesame oil) and progesterone (500μg/100μl sesame oil); the other half received only the
sesame oil vehicle. Three feeding protocols were tested in each hormone injection condition: (1)
chow only: no additional dietary fat access; (2) low-restriction: 1-h fat access every day; (3) high-
restriction: 1-h fat access on Monday, Wednesday, and Friday. As previously reported in intact male
and female rats, the high-restriction groups exhibited binge-like increases in 1-h energy intake during
fat access. The major new finding of this study is that 1-h energy intake was tonically, but not
cyclically, reduced in the hormone-treated high-restriction (binge) rats. Specifically, both low- and
high-restriction hormone-treated rats consumed significantly less energy than did the oil-treated rats
during the 1-h fat period (p<0.0001) and overall (p<0.0001), indicating a tonic inhibition of eating.
However, food intake during the 1-h fat access period was also cyclically reduced in the hormone-
treated low-restriction rats, but not in the hormone-treated high-restriction rats. These results indicate
that the normal cyclic inhibitory influence of ovarian hormones on eating, but not their normal tonic
inhibitory influence, is disrupted by conditions leading to binge-type eating.
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Introduction
Bingeing-related eating disorders including binge eating disorder (BED) and bulimia nervosa
(BN) have become important health issues in western countries (1-4). Like other eating
disorders, BED and BN are more common in females than in males. American women are 1.5
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times more likely than men to develop BED and 3 times more likely to develop BN (4-6). In
Norway, the female-male ratio is 1.7:1 for lifetime prevalence of BED and 3:1 for lifetime
prevalence of BN in adolescents (7). Furthermore, people who do not meet the criteria for
bingeing-related eating disorders (bulimia nervosa, binge eating disorder, binge/purge subtype
of anorexia nervosa) also binge eat. For instance, one study reported a binge eating prevalence
of 24% in a randomly sampled population of women, whereas the prevalence of bulimia
nervosa was only 1.5% (8).

Although biological sex differences ultimately arise from the different genotypes of males
(XY) and females (XX), after early development most sex differences are mediated through
hypothalamic-pituitary-gonadal (HPG) axis function, especially the actions of gonadal steroid
hormones – androgens, estrogens and progesterones (9,10). Several effects of gonadal steroid
hormones on food intake have been well documented in both humans and animals (11-13).
Food intake in women varies with the phase of the menstrual cycle, with a decrease in the peri-
ovulatory phase, when plasma estradiol concentration peaks; conversely, food intake generally
increases in the luteal phase, when plasma progesterone levels are high (14-16). Adult female
rats and mice also eat different amounts of food across the estrous cycle, which is usually 4 d
in length. Rats and mice eat least near the time of ovulation, during what is called the estrus
phase, which occurs just after estradiol peaks, and eat most during diestrus, when estradiol
levels are lower (11,12). This cyclic food intake pattern is thought to be due to inhibitory effects
of estradiol on eating (17). In rats, pharmacological progesterone treatment can reduce the
intake-reducing effects of estradiol, but so far no physiological action of progesterone on eating
has been shown (11-13). The decrease in eating during the peri-ovulatory phase of the ovarian
cycle is referred to as the cyclic inhibitory effect of estradiol on eating (18). In addition,
ovariectomy (OVX) dramatically increases food intake and body weight in rats and mice, and
administration of estradiol brings food intake and body weight back to a normal physiological
level (11-13). There is some evidence for a similar effect in women (14). Thus, in addition to
its cyclic effects, estradiol also has tonic inhibitory effects on eating (11,12,18).

The frequency of binge–type eating has been reported to change during the menstrual cycle.
In women with bulimia nervosa, binge frequency increased during the luteal phase and menses
(19-21). In one study of women with BN, a significant negative association between estradiol
and binge frequency as well as a significant positive association between progesterone and
binge frequency were reported (22). In a community sample of women, changes in a modified
Emotional Eating subscale of the Dutch Eating Behavior Questionnaire (DEBQ) also were
associated with cyclic hormone fluctuations. Specifically, higher scores (consistent with binge
eating) were obtained when estradiol was low and progesterone was high (23). In none of these
studies, however, have alterations in binge size with the menstrual cycle been reported. Finally,
bingeing may disrupt menstrual cyclicity and ovarian hormone function (24-26); in three
studies, 37-64% of women with BN experienced oligomenorrhea (27-29). How binge behavior
and HPG function might interact has not been established, and the necessary mechanistic
studies are difficult in human subjects. Animal models, therefore, are needed.

Several animal models have been developed to study binge eating (30). In the present study a
limited-access binge-eating model is used. In this model, rats are given access to a source of
dietary fat for one or two hours per day three times a week, with nutritionally complete rat
chow and water always freely available. Fat intakes during the fat-access period are much
higher under this 3-day limited-access condition than when rats are offered fat for similar
periods every day (31-35). The model has face validity in that it reproduces a key criterion for
human binge eating: the consumption of more food during a brief period than is normally
consumed under similar circumstances. In addition, body weight typically does not differ
between binge rats and chow controls. This is also similar to the maintenance of normal body
weight by most patients with bulimia nervosa (1) as well as recent data showing that most
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people who binge are not obese (4). Therefore, rats with 3-day limited access are referred to
as bingeing rats, and the three weekly fat access days are called binge days. Although the rats
consume large amounts of energy on binge days relative to controls, they eat less chow on the
non-binge days. Due to this “overeat/undereat” or “sawtooth” intake pattern, body weight
typically does not differ between binge rats and chow controls. Thus, factors involved in binge
behavior can be studied without obesity-related confounds that might influence food intake.

Although both intact female and intact male rats exhibit binge behavior with this protocol, the
energy consumed during the limited-access period by females is much smaller than that
consumed by males (32,33,35). In addition, the day-to-day intake patterns are different; that
is, the overeat/undereat pattern is not as regular in females (33). A possible reason for the
smaller binge size in intact females compared to males may be the tonic inhibitory effect of
estradiol on eating. The irregular day-to-day intake pattern, on the other hand, may be due to
estradiol's cyclic inhibitory effect during the estrus phase, which falls randomly on binge and
non-binge days.

The rationale for the present study rests on reports, first, that higher levels of estradiol have
been associated with decreased binge frequency in women with BN (22) and, second, that
estradiol can elicit both tonic and cyclic inhibitory effects on eating under non-binge conditions
in women and in female animals (17,36). Tonic and cyclic effects of ovarian hormones on
binge behavior, however, have not been investigated. Therefore, we sought to investigate the
tonic and cyclic effects of ovarian hormones on binge eating behavior in the limited fat access
animal model. Specifically, we hypothesized that in this model: 1) binge size and daily food
intake would be reduced in hormone-treated binge OVX rats compared to vehicle-treated binge
OVX rats due to tonic inhibitory effects of estradiol on eating, 2) binge size and daily food
intake would be reduced on the day of the hormone treatment cycle modeling estrus (day 4)
due to cyclic inhibitory effects of estradiol, and 3) day-to-day intake patterns of daily food
intake would be different in hormone-treated and vehicle-treated binge rats due to the cyclic
influence of ovarian hormones.

Materials and methods
1. Subjects

Seventy-eight female Sprague-Dawley rats (Harlan, Indianapolis, IN; 60 days of age and
initially weighing 184-218 g) were individually housed in stainless-steel cages (Length :
Width : Height = 48.5 cm : 30 cm : 20.5 cm) with continuous access to water and pelleted chow
(Laboratory Rodent Diet 5001, PMI Feeds, Richmond, IN; macronutrient content (g/kg diet,
kcal/kg diet, percent of calories): protein (234, 936, 28%), fat (45, 405, 12%), carbohydrate
(490, 1960, 60%); total, 3.3 kcal/g). The vivarium was maintained at 22±2°C with a 12/12h
light-dark cycle (lights off at 1900 h). All procedures were approved by the Pennsylvania State
University Institutional Animal Care and Use Committee.

2. OVX and cyclic hormone treatment
After a one-week period of adaptation to the vivarium, rats were given overnight access to a
bowl of solid fat [Crisco® All-Vegetable Shortening (partially hydrogenated vegetable oil),
J.M. Smucker Co., Orrville, OH; 9.17 kcal/g] clipped to the front of cage, in addition to their
continuously available chow and water. This was done to prevent neophobia during the rest of
the study. Three days later, the rats were anaesthetized (1 ml/kg body weight, intraperitoneally:
IP) with a mixture of 70 mg/kg Ketamine (Phoenix Science Inc., St. Joseph, MO) and 2 mg/
kg Xylazine (Phoenix Science Inc., St. Joseph, MO), with 0.2 ml/kg supplements given as
needed, and a bilateral OVX was performed using a dorsal approach.
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After 4-5 days of postoperative recovery, when body weights had returned to their pre-surgical
levels, rats were matched for body weight and overnight fat intake and divided into two groups.
One group (OVX+EP, n = 39) was subcutaneously (SC) injected with 17-β-estradiol-benzoate
(Sigma, 2 μg/100μl sesame oil) in the middle of the light phase every fourth day and with
progesterone (Sigma, 500 μg/100μl sesame oil) 1 day later; the other group (OVX+OIL, n =
39) was injected with the sesame oil vehicle on the same days. Injection days were followed
by 2 non-injection days. The hormone treatment regimen is shown in Table 1. These hormone
injection regimens produce near-physiological levels of estradiol (17) and progesterone (37),
and maintain normal body weight, food intake, spontaneous meal patterns, and sexual
receptivity (lordosis) in OVX rats (17). Note that the day of estradiol injection is labeled day
2 of the treatment cycle and the progesterone injection day is labeled day 3. This is done so
that the last day of the cycle models the last day of the typical 4-d estrus cycle of intact rats;
that is, Day 1: Diestrus 1, Day 2: Diestrus 2, Day 3: Proestrus, Day 4: Estrus.

3. Feeding protocols
After two cycles of hormone treatment or one cycle of vehicle treatment, rats within each group
were matched for current body weight and assigned to one of three subgroups (n = 13/group),
which were then maintained on one of the three fat-access schedules shown in Table 2: Chow
only (C), which had no additional fat; Low-restriction access (L), which had access to a bowl
of additional fat for 1 h/day every day, 2 h prior to lights off; and High-restriction access
(H), which had access to a bowl of additional fat for 1 h/day on Monday, Wednesday and
Friday, 2 h prior to lights off. All rats had continuous access to chow and water throughout the
study. These schedules were based on previous work from our laboratory (32,33,35). The H
group is also referred to as the bingeing group. Chow intake was measured every 24-h prior to
the fat access period. One-h fat and chow intakes were measured at the end of the 1-h fat access
period. Food intake and weekly body weight were monitored as an indicator of the efficacy of
the OVX and hormone-treatment protocols.

4. Body composition
Body composition analysis was undertaken to investigate the source of the body weight
differences observed at the end of the study. After 12 weeks on their respective diet protocols,
rats were sacrificed via CO2 asphyxiation. First, the gonadal, abdominal (mesenteric + non-
gonadal), and retroperitoneal fat pads were removed, weighed and returned to the carcass for
analysis. Then, body water, fat, ash, and protein were analyzed using methods previously
described (32).

5. Data analysis
Data were analyzed using SAS 9.1 for Windows (SAS Institute, Cary, NC). The outcomes
analyzed were 1-h energy intake (kcal), 24-h energy intake (kcal), weekly energy intake (kcal),
body weight (g), fat pad weight (g), and body composition (dry mass in g, and water, mineral,
fat, and protein in g and percent). All data are presented as means ± SEM. One-h energy intake
and 24-h energy intake on binge days and non-binge days were analyzed by 3-way ANOVA
(fat access schedule × hormone treatment × cycle day), with cycle day as a repeated factor.
Cycle day 1 data was calculated by averaging all of the day 1 food intake data for each 4-day
hormone treatment cycle on binge days (Mon, Wed, Fri) or non-binge days (Tues, Thurs, Sat,
Sun) across the 6-week study. Similarly, food intake data on days 2, 3, or 4 of the cycle were
averaged across all 6 weeks. Within each treatment group and under each fat access schedule,
1-h energy intake and 24-h energy intake on each cycle day were analyzed by 1-way ANOVA,
with day as a repeated factor. Following the 1-way ANOVA, Tukey's HSD post hoc tests were
used to determine significant differences among cycle days. Within each hormone treatment
group, average weekly 24-h energy intake was analyzed by 2-way ANOVA (fat access schedule
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× week), with week as a repeated factor. Body weights (before OVX, 5 d postovariectomy and
45 d postovariectomy), total and individual fat pad weights (gonadal, abdominal and
retroperitoneal), and body composition data were analyzed by 2-way ANOVA (fat access
schedule × hormone treatment). Planned comparisons among groups were examined using a
Least Square differences (LS means) table, with the Bonferroni correction applied to insure an
experiment-wide α < 0.05. Tukey tests (for repeated measures) and ANOVA outcomes were
considered significant when α <0.05.

Results
1. 1-h energy intake

Energy intake in the 1-h fat access period was significantly affected by fat access schedule,
ovarian hormone treatment, and day of treatment cycle (Fig 1). There were main effects of the
fat access schedule [main effect of fat access F(2,72)=148.22, p<0.0001]. In both the OIL and
EP groups, the 1-h energy intake of the H rats was significantly greater than that of the L rats,
which in turn was significantly greater than that of the C rats (p<0.0001; Fig 1). In other words,
bingeing, as operationally defined by H intake greater than L intake, occurred in both OIL and
EP groups.

There were also main effects of ovarian hormone treatment due to greater energy intake overall
by the OIL rats relative to EP rats [main effect of hormone treatment F(1,72)=34.62, p<0.0001].
In other words, the EP treatment tonically reduced 1-h energy intake (EP < OIL) in both H and
L rats (p<0.0001; Fig 1).

Hormone treatment interacted with fat access schedule [F(2,72)=8.99, p<0.0005], apparently
because intake was reduced only in the groups with access to dietary fat (H and L), but not in
the group with access to only chow (C). This was likely due to a floor effect in the chow groups,
as 1-h chow intake was quite low. Hormone treatment also interacted with cycle day [F(3,216)
=5.25, p<0.05] due to lower 1-h energy intake on Day 4 relative to Day 2 in the EP-L rats only
[main effect of day F(3,216)=4.38, p<0.01]. That is, the cyclic effect of EP treatment [1-h food
intake in EP-treated rats was less on cycle day 4 than on cycle day 2, (17)] occurred only in
the L rats (1-way repeated ANOVA F (3,36)= 16.92, p<0.0001), not in the H rats (1-way
repeated ANOVA F (3,36)=1.07, NS). There was no 1-h energy intake difference between day
2 and day 4 in any OIL group (Fig 1).

2. Daily energy intake
Twenty-four hour energy intake was significantly affected by fat access schedule, hormone
treatment, and day of cycle on binge days as well as on non-binge days (Fig 2). There were
main effects of the fat access schedule [binge days: main effect of fat access F(2,72)=85.04,
p<0.0001; non-binge days: main effect of fat access F(2,72)=11.43, p<0.0001]. These were
due to the fact that in both OIL and EP groups, H rats ate significantly more than did L rats
and C rats on binge days and significantly less on non-binge days (p<0.0001), i.e. the H rats
exhibited an overeat/undereat, sawtooth pattern of consumption.

The main effect of ovarian hormone treatment revealed tonic inhibitory effects of EP on daily
energy intake in all EP-treated groups on binge days (main effect of hormone F(1,72)=124.24,
p<0.0001) and EP-L and EP-C groups on non-binge days (main effect of hormone F(1,72)
=73.85, p<0.0001; Fig 2). In other words, the 24-h energy intakes were significantly lower in
EP rats than OIL rats in the L and C groups on both binge and non-binge days, and in the H
group on binge days (EP < OIL; p<0.0001). The lack of tonic inhibitory effect of EP in H
groups on non-binge days resulted in an interaction between hormone treatment and fat access
on non-binge days [F(2,72)=11.43, p<0.0001].
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There also were cyclic effects of EP on 24-h energy intakes (Day 4 < Day 2). On binge days
there were interactions between cycle day and fat access [F(6,216)=2.5, p<0.05] as well as
between cycle day and hormone treatment [F(3,216)=15.95, p<0.0001]. On non-binge days, a
similar profile emerged, i.e. there were interactions between cycle day and fat access [F(6,216)
=4.62, p<0.005], as well as cycle day and hormone treatment [F(3,216)=10.74, p<0.0001].
These results were due to significant daily energy intake differences between day 2 and day 4
(day 4 < day 2) in all EP-treated groups on both binge and non-binge days, while there was no
significant daily energy intake difference between day 2 and day 4 in any of the OIL groups.
On binge days 1-way ANOVA F (3,36) and p values for the EP-L, EP-H and EP-C groups,
respectively, were 23.32, P<0.0001, 6.58, p<0.005, and 19.97, p<0.0001, and on non-binge
days, were 14.26, P<0.0001, 9.88, p<0.0001, and 31.93, p<0.0001.

3. Weekly energy intake
Weekly average energy intakes were compared between chow control and fat-restricted rats
in order to assess the compensatory abilities of the different groups (Table 3). In the OIL groups,
the L rats consumed more energy than was consumed by the C rats in the first three weeks and
then ate statistically the same amount of energy as did C controls thereafter. The H rats, on the
other hand, consumed statistically the same amount as did the chow rats during all six weeks
(interaction of week × fat access F(10,180)=6.71, p<0.0001; main effect of fat access F(2,36)
=3.27, p<0.05).

In the EP-L rats, results were similar to those described above for the OIL-L rats. That is, the
EP-L rats consumed more energy than did the EP-C rats in the first three weeks and then ate
statistically the same amount of energy as did C controls for the next two weeks. By week 6,
however, L intakes again exceeded C intakes. Results differed in the EP-H rats, in that average
weekly intakes of the EP-H group exceeded those of the C group in the first two weeks and in
week six, but were statistically similar to the chow group during weeks 3-5 [interaction of week
× fat access F(10,180)=4.66, p<0.0001; main effect of fat access F(2,36)=7.15, p<0.01].

4. Body weight
Body weight before OVX and at day 5 post-OVX did not differ significantly among groups.
Body weight at the 6th week of the study, however, was significantly affected by hormone
treatment, with the OIL rats (324 ± 2 g) weighing significantly more than the EP rats (248 ± 2
g) [Fig 3; interaction effect of (hormone treatment × fat access) F(2,72)=3.68, p<0.05; main
effect of hormone treatment: F(1,72)=818.66, p<0.0001]. The interaction effect was due to
significantly greater body weights in the EP-L and EP-H relative to EP-C (p<0.0167). Such
differences did not emerge in the OIL rats. OIL rats gained 106 ± 4 g between day 5 and day
45 post-OVX, whereas EP rats gained only 29 ± 2 g during the same period. There was no
significant difference in final body weight among the OIL groups.

Due to an intervening drug study, during which the EP and OIL treatments were maintained,
there was an ∼40-day interval between the end of the 6-wk feeding study and the day of sacrifice
for the carcass analysis. Rats were sacrificed about 10 days after the end of the drug study,
which allowed sufficient time for the drug to clear. The overall pattern of group differences
was not affected by the drug study. Specifically, there was no significant difference in sacrifice
body weight among the OIL groups. However, among the EP groups, only the sacrificed body
weight of EP-L was statistically greater than that of EP-C. EP-H was ∼10 g greater than EP-
C; however, this was no longer statistically significant.

5. Body composition
As analyses of the masses of the retroperitoneal, abdominal, and ovarian fat pads yielded similar
results as anlysis of the sum of the three pads' weights, only the latter are presented (Table 4).
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The summed masses of the OIL groups' fat pads were significantly greater than those of the
EP groups (Table 4). In addition, fat pad mass was greater in OIL-L rats than in OIL-H rats,
which in turn were greater than OIL-C rats (Table 4; p<0.0167). Fat pad mass was not
significantly affected by fat access in the EP rats. Carcass analysis was done to determine if
total body fat changed in proportion to the retroperitoneal, abdominal, and ovarian fat pads and
to determine if there were also differences in fat deposition in regions other than the fat pads
measured (e.g. subcutaneous fat). This analysis revealed that total body fat content, body
protein, body water, body mineral, and wet carcass weight were all increased in OIL rats
compared to EP rats (Table 4; P<0.0167), with the relative changes quite similar to those
observed in the three fat pads measured. Body mineral content, body water content and wet
carcass were not different among the different diet protocols in the OIL rats, although in EP
rats, body water and wet carcass were greatest in the EP-L group (p<0.0167). Protein mass
was not affected by fat access in either OIL or EP rats.

Discussion
The major finding of this study is that binge size was tonically, but not cyclically, reduced in
the EP-H rats, i.e., rats in which highly restricted scheduled access to fat led to binge-like,
excessive intake in 1-h tests. Specifically, both EP-H and EP-L rats consumed significantly
less energy than did the OIL rats during the 1-h fat access period, indicating a tonic reduction
of binge size in the EP rats. However, 1-h energy intake did not vary cyclically across the 4-
day hormone treatment cycle in the EP-H rats, but did vary cyclically in the EP-L rats. One-h
energy intake also did not vary in the EP-C rats, but we attribute this to the very low 1-h intake
in this group. Finally, 24-h energy intakes varied cyclically in all three groups. Together these
data indicate that, whereas the normal tonic inhibitory effect of ovarian hormones on eating
persists in this binge eating model, the normal cyclic inhibitory effect on eating is disrupted
during binge-type eating episodes.

The tonic and cyclic decreases in eating produced by cyclic hormone treatment in OVX EP-L
rats extends reports of such effects under several other conditions (11,12,17,18,38) and
indicates that these effects occur even with limited access to an optional source of dietary fat.
Cyclic estradiol, however, failed to produce cyclic inhibition of eating during the 1-h fat access
period in EP-H rats. The fact that cyclic effects on 1-h fat intake were evident in the L rats
indicates that the lack of effect in the binge rats is not simply due to the availability of fat in
addition to chow. Rather, it appears to be related to the consumption of large amounts in brief
periods of time relative to controls, e.g. bingeing. Estradiol's cyclic inhibitory effect on eating
under non-binge conditions is expressed as reduced meal size, with no reduction in meal
frequency (17,38). Thus, the present results suggest that the cyclic inhibitory effects of estradial
are compromised by binge-type consumption of large fatty meals.

We know of no comparable human data. Although binge frequency and subjective correlates
of eating have been reported to change across the menstrual cycle in women with bulimia
nervosa (22,23), alterations in binge size across the menstrual cycle have not. However, there
are some reports indicating that the ability to limit meal size is compromised in women with
bulimia nervosa. For instance, patients with bulimia nervosa eat significantly more of both
single and multiple-item meals than do control women when instructed to binge eat (39);
patients with bulimia nervosa also need to eat more than do controls to produce equivalent self-
reported fullness during a meal (40). Such results suggest that the normal physiological
inhibitory controls of eating, including the effects of estradiol, may be weakened in women
who binge frequently. These effects may be related to a reduced satiation effect of CCK,
because both blunted postprandial cholecystokinin release and delayed gastric emptying were
seen in women with bulimia nervosa (11,12,41,42). In contrast, in one report using a 24-h
naturalistic laboratory feeding situation, the majority of meals were of normal size in bulimic
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women; binges represented the minority of meals but were calorically rich, primarily due to
increased consumption of fatty foods (43).

Because pharmacological doses of progesterone (1 mg or more) can reverse estradiol's
inhibitory effect on eating in rats (44), it is possible that the loss of estradiol's cyclic effects
during the binge was due to an enhanced effect of progesterone at this time. This does not seem
likely, however, because there was still a cyclic decrease in 24-h intake in the same rats and
because our progesterone dose (0.5 mg) was smaller than those reported to antagonize
estradiol's eating-inhibitory effect.

Alternatively, the lack of cyclic hormonal effects during the binge may have been due to other
influences of estradiol that might affect binge behavior. The inhibitory action of estradiol on
eating is generally thought to relate to “homeostatic” rather than “hedonic” controls of food
intake (45-47). In addition, however, estradiol can have stimulatory effects on other behaviors,
including drug intake (48,49) and drug-induced locomotor activity (50), that are considered
hedonic rather than homeostatic. Binge eating is also likely to be more related to non-
homeostatic, hedonic processes (45,46). This suggests that it is possible that the hedonic,
stimulatory effects of estradiol predominated during consumption of the binge food in the EP-
H rats, while the homeostatic, inhibitory effects of estradiol predominated during consumption
of the chow. The net result would be an elevated binge size in the estrus phase of the ovarian
cycle in the EP-H rats, eliminating the typical cyclic food intake pattern during the bingeing
period, while still leaving cyclic effects on chow and overall daily intake intact.

Although the cyclic eating-inhibitory effect of estradiol on binge intake was eliminated in the
binge rats, the tonic eating-inhibitory effect was still present, both in 1-h and in 24-h energy
intake. In general, the average 24-h energy intake of the EP rats was lower than that of the OIL
rats on both binge days and non-binge days. The one exception to this occurred in the EP-H
group; 24-h intake of EP-H was not significantly lower than OIL-H on non-binge days (Fig
2). This appeared to be due to the failure of the EP-H groups to undereat on non-binge days
during the first few weeks of the study (24-h intake data not shown), thus increasing the 6-
week mean data presented. During the latter weeks of the study, the tonic inhibitory effect of
EP was indeed more clear.

Previous studies in male rats indicate that H rats overeat on binge days when fat is present and
undereat on non-binge days, resulting in a net energy intake comparable to C rats (35). This
occurred here in the OIL-H group but not in the EP-H group. In OIL groups, weekly average
energy intake did not differ between H and C control rats in any of the 6 weeks. In contrast,
weekly average energy intakes were greater in the EP-H rats relative to the EP-C controls in
the first two weeks and in week six. However, in a previous study from our laboratory (33)
intact bingeing female rats tended to undereat more than they overate until the fifth week.
Whether this difference represents an activational effect of ovarian hormones on energy
homeostasis warrants further investigation.

The effects we report here are likely to be of physiological relevance because we used near
physiological amounts and patterns of estradial and progesterone. For example, in previous
work with OVX Long Evans rats, cyclic 2 μg estradiol benzoate administered on day 3 of a 4-
day cycle produced estradiol concentrations comparable to those of intact cycling rats, with
low and high levels all close to minimum and maximum intact values (10-30 and 180-300
pmol/L, respectively). Furthermore, normalized body weight and food intake patterns have
been reported when this estradiol replacement regimen was used (17). Others have shown that
in OVX Sprague-Dawley rats, progesterone doses larger than those used here (∼1000 μg/rat)
injected 20 h following estradiol, produced peak plasma progesterone levels that were near to
peak levels assayed during the proestrus phase in intact females (37,51-53) Therefore, the 500
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μg/rat progesterone dose used in this study was lower than that which would be considered
physiological. Although relatively low, this dose of progesterone has been reported to produce
normal sexual receptivity in E-treated OVX rats (17). The EP rats in the present study gained
29 ± 2 g during the initial 6-weeks of the study, which is comparable to the 35 g body weight
gain reported previously in intact female Sprague-Dawley rats maintained for 6 weeks on the
same feeding schedule (33). Thus, the 4-day cycle of estradiol/progesterone administration
used herein would not be considered pharmacological.

We included progesterone in the injection protocol in the present study because progesterone
seems to be important for ligand binding to GABA-B receptors in the neocortex of female rats
(37), and because the GABA-B agonist baclofen has been shown to reduce binge-type eating
in rats (54) and to produce promising results in an open-label trial in humans (55). In addition,
estradiol was found to negatively regulate GABA-B receptors in the pituitary and
hypothalamus of female rats (56) and to rapidly attenuate the potency of baclofen in
hypothalamic POMC neurons in female guinea pigs (57). Thus, desensitization of GABA-B
receptors by estradiol could theoretically interfere with inhibitory/compensatory controls under
binge-type conditions. Whether such alterations can explain the present results remains to be
determined. We included progesterone also because high progesterone levels were associated
with increased binge frequency independent of estradiol in women with BN (22). More
recently, progesterone was independently positively associated with higher emotional eating
scores in a community sample (23). Therefore, it would be of interest to determine the
individual roles of estradiol and progesterone under binge-type conditions.

The delayed compensatory behavior, however, is not likely due to alterations in the ability of
the EP-H rats to learn how to adapt to the feeding protocol, because increases in estradiol or
progesterone in serum, cortex, and hippocampus have been reported to enhance cognitive
performance in both intact and hormone-primed OVX rats (58).

One aspect of human binge eating that group analyses using this model do not capture is that
of individual differences in susceptibility. It may be possible, however, to pursue this issue in
the context of this model, as individual variability in the amount of shortening consumed has
been seen in this study as well as in previous studies using male rats. Within the EP-H (binge)
rats in the current study, for instance, shortening intakes ranged from 13.4 to 73.3 kcal, with
the top 24% of the rats (3 rats) consuming 60.5 kcal, and the bottom 24% consuming 16.5 kcal.
Thus, as in humans (8), individual vulnerability to the effects of exposure to binge-inducing
stimuli appears to exist under the conditions used in the present study.

As previously reported (11,13,59), OIL rats weighed significantly more than EP rats. Body
weight and wet mass did not differ among the OIL rats; however, dry mass of the OIL-L group
was significantly greater than that of the OIL-C controls (Table 4). The elevated dry mass of
the OIL-L rats was primarily due to a higher fat mass; body water, mineral, and protein mass
did not significantly differ among the OIL rats. This effect in the OIL rats is similar to a previous
study in intact females (33), in which fat mass accounted for the somewhat higher carcass mass
of the L rats relative to C controls. This similarity suggests that repeatedly consuming large
amounts of fat in brief periods of time may have disrupted estrus cycling in the previous study.

In summary, this study reports that administration of estradiol and progesterone no longer
exerts cyclic inhibitory effects on the size of brief bouts of fat intake under binge-type eating
conditions. Clearly, further work is warranted to determine the mechanisms involved in this
effect and to determine if the phenomenon is of relevance to binge size in human binge-type
eating.
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Fig 1.
Effect of cyclic hormone treatment and fat access schedule on 1-h energy intake. D=Day. #
indicates significant differences among the C, L, and H groups within the OIL and EP rats
(P<0.0001). * indicates significant differences between OIL and EP groups on the H and L
feeding schedules (P<0.0001). † indicates intake on day 4 significantly different from intake
on day 2 in EP-L group (P<0.05).
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Fig 2.
Effect of cyclic hormone treatment and fat access schedule on 24-h energy intake on binge
days (Mon, Weds, Fri) and non-binge days (Tues, Thurs, Sat, Sun). D=Day. # indicates H rats
ate significantly more than C and L rats on binge days (P<0.0001) and significantly less on
non-binge days (P<0.0001). * indicates significant differences between OIL and EP groups on
the C, L and H feeding schedules on binge days, and in C and L groups on non-binge days
(P<0.0001). † indicates intake on day 4 significantly different from intake on day 2 within the
EP-C, EP-L and EP-H groups (P<0.05).
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Fig 3.
Body weight at day 5 of postovariectomy and weekly across the 6-week study. # indicates final
body weight of L and H rats greater than C rats in EP groups (P<0.05). * indicates significant
difference between OIL and EP groups that had the same feeding schedule (P<0.001).
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Table 1

Cyclic ovarian hormone treatment regimen

Day of treatment cycle

Group Day 1 Day 2 Day 3 Day 4

EP — E P —

OIL — Oil Oil —

Cyclic ovarian hormone treatment regimen used throughout the study. All rats were ovariectomized. The 24-h test days begin and end at the tick
marks, i.e. at 1600 h, 3 h prior to lights off. Hormones were injected at 1300 h (the middle of the light phase) on Day 2 and Day 3 of the cycle, so that
Day 4 of the treatment cycle models the estrus phase of the ovarian cycle in intact rats. E = 2 μg β-estradiol 3-benzoate/100μl sesame oil/rat; P = 500
μg progesterone/100μl sesame oil/rat.
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Table 2

Experimental Groups

Group Hormone Treatment Fat Access

EP-C Estradiol + Progesterone None

EP-L Estradiol + Progesterone Low-restriction

EP-H Estradiol + Progesterone High-restriction

OIL-C OIL None

OIL-L OIL Low-restriction

OIL-H OIL High-restriction
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Table 4

Body composition data

C H (Binge) L

Sacrifice body weight

OIL 331.2±4.11 326.4±4.21 326.9±5.51

EP 250.7±2.8b, 2 260.2±2.9ab, 2 263.5±3.0a, 2

Fat pads†

OIL 10.8±0.7b, 1 12.8±1.3ab, 1 15.1±0.6a, 1

EP 7.1±0.42 8.5±0.52 8.8±0.62

Wet mass

OIL 240.2±3.51 241.1±3.81 248.9±4.21

EP 175.9±2.6b, 2 181.2±2.5ab, 2 190.5±1.6a, 2

Water

OIL 144.1±1.61 140.0±1.91 140.1±2.81

EP 107.9±1.8b, 2 109.5±1.9ab, 2 115.2±1.0a, 2

Dry mass

OIL 96.2±2.4b, 1 101.7±2.7ab, 1 108.8±4.9a, 1

EP 68.0±1.12 71.7±1.1 2 75.3±1.2 2

Mineral

OIL 8.3±0.11 8.3±0.21 7.7±0.2

EP 7.1±0.1a, 2 6.2±0.1b, 2 7.3±0.2a

Fat mass

OIL 33.5±2.2b, 1 39.2±2.3ab, 1 47.3±4.3a, 1

EP 22.5±0.8 2 25.3±1.2 2 26.9±1.2 2

Protein

OIL 54.4±0.75 1 53.6±1.05 1 53.7±1.08 1

EP 38.4±0.56 2 40.1±0.77 2 41.2±0.59 2

Different lower case letters indicate significant differences within OIL or EP groups. Different numbers indicate significant differences between OIL
and EP groups which had the same fat access schedule (p<0.0167).

†
Fat pads are the combined mass of gonadal, abdominal and retroperitoneal fat pads.
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