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Abstract
Clinical binge eating runs a protracted course. The etiology of binge-eating remains perplexing in
part because, in humans, it is difficult to isolate and assess the independent and aggregate impact of
various contributing variables. Using rats, we found that footshock stress and a history of caloric
restriction (S+R), combine synergistically to induce binge-eating. Stress and dieting are also strong
antecedents and relapse factors in human eating disorders. Here we report further behavioral and
physiological parallels to human binge-eating. Like the protracted course of human binge-eating,
young female Sprague-Dawley rats continued to binge-eat after 23 restriction/stress cycles (7
months) and this despite experiencing no significant weight loss during the restriction phases. Stress
alone reduced adiposity by 35% (p<0.001) but S+R rats had no significant fat-loss. An endocrine
profile of normal plasma leptin and insulin levels but marked elevation of plasma corticosterone
levels was found only in the binge-eating (S+R) rats (p<0.01), also paralleling endocrine profiles
reported in clinical binge-eating studies. These behavioral and physiological similarities between
this animal model and clinical binge-eating increase its utility in understanding binge-eating.
Importantly, our findings also highlight the stubborn nature of binge-eating: once a critical experience
with dieting and stress in experienced, no weight loss or food restriction is necessary to sustain it.
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Binge-eating is a central feature of eating disorders, including many cases of anorexia nervosa,
and, by definition, all cases of bulimia nervosa and binge-eating disorder (BED) [1]. The course
of bulimia nervosa is long, typically ten years, and for BED, it can be a lifetime [1]). Binge-
eating is also estimated to characterize a large percentage of the obese population, and in this
population, binge-eating contributes to their obese state [2].

In the clinical literature several variables have been identified as possible “triggers” for binge-
eating, including dieting, stress, and negative affect (1, 12, 14). Although a history of dieting
is a common antecedent of binge-eating, bingeing can persist despite a cessation of dieting or
only occasional dieting. In fact, hunger is a weak trigger of binge-eating compared to negative
affect and stress [3–7]. Indeed, in individuals with bulimia, hunger can even increase after a
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meal [8], and a diagnostic feature of BED is eating large amounts of food when not hungry
[1]. It is clear that binge-eating occurs in the absence of negative energy balance. Furthermore,
most individuals with bulimia are normal weight and, as mentioned previously, those with
BED are often overweight [1].

Preclinical models of binge-eating offer a means of directly testing cause-effect relationships
by environmental variables and a window into the physiological underpinnings of this highly
recidivistic disorder. The binge-eating rat model described here was developed in our
laboratory. Only those rats with a history of cyclic caloric-restriction binge when stressed with
footshock [9,10]. This simulates the proclivity for stress-induced hyperphagia, versus
hypophagia, in dieters [11], and is consistent with dieting and stress as key etiological features
in eating disorders [12–14]. A minimum of three restriction-refeeding cycles are needed to
evoke binge-eating in the binge-eating rats [9,10]. Unlike the limited amount of time with
palatable food (PF) that is integral in some models to produce binge-eating [15,16], we allow
them an unrestricted time with PF. Also of clinical relevance, since many individuals with
eating disorders, namely bulimia nervosa and BED, do not experience drastic weight loss, our
model does not rely on dramatic levels of caloric restriction or drastic fluctuations in body
weight for binge-eating to be sustained.

Here we further explore: 1) whether binge-eating in this model is sustained after a long history
of restriction and stress; 2) whether once binge-eating is established, it persists despite minimal
if any caloric restriction-induced weight loss; achieved with shorter cycles, and 3) whether a
history of restriction and stress imposes unique changes in body composition and/or endocrine
parameters. We also describe the body composition and hormonal status of the binge-eating
rats with particular attention to hormones involved in the regulation of feeding and stress.

While the effect of acute total food deprivation and of environmental stressors on circulating
levels of leptin, insulin, and corticosterone (CORT) has been studied in rats, little is known
regarding the effect of a prolonged human-like history of dieting, alone, or coupled with stress,
on these parameters. This is information that will be useful in interpreting changes in brain and
behavior found with this animal model and in applying this information to better treat binge-
eating. Knowledge of the status of endocrine hormones known to interact with these brain
substrates of feeding, reward, and mood are needed for a more complete understanding of the
physiology of binge-eating, and may raise clues as to the motivation behind the rats’ binge-
eating.

Traditionally, our stress-restriction protocol used long (12 day) cycles of restriction and
refeeding. Rats in the restricted groups lost up to 10% of their body weight during the restriction
phase then were allowed to recover their weight prior to being stressed for the feeding test
[9,10]. Here, once binge-eating on palatable food was observed (at the end of the 4th restriction-
refeeding cycle), the rats were switched to short cycles. Hence, the 5th cycle was the first short
cycle. We also repeated these cycles for a total of 23 cycles to assess the duration and robustness
of their binge-eating after this protracted time (7 months) with dieting and stress. Finally, we
obtained measures of lean tissue, fat, and bone mass and determined plasma levels of leptin,
insulin, glucose, and CORT in control rats, rats with restriction-history only, with stress only,
and with the combined restriction-history and stress that results in binge-eating.

METHODS
Subjects

A total of N = 25, 70-day-old female Sprague-Dawley rats were acclimated to individual cages
with ad lib chow and water in individual bedded cages under a 12:12 light/dark cycle (lights
off at 1200). The rats were weight-matched and assigned to one of four groups (N = 6/7 per
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group): a no history of restriction/no-stress group (Control); a no history of restriction/stress
group (Stress); a history of restriction/no-stress group (Restrict); and the binge-eating group,
the history of restriction/stress group (S+R). The University of Alabama at Birmingham
Institutional Animal Care and Use Committee approved all of the experimental procedures.

Diets
Diets used included regular rat chow and Nabisco Double-Stuf Oreo cookies. Oreo cookies
served as the highly palatable food (PF) and are composed of 43% kcals from fat, 57% kcals
from carbohydrate, trace protein (0.02% kcals), and contain 4.83 kcals/g (Nabisco, Hanover,
NJ). Regular rat chow (Harlan-Teklad, Indianapolis, IN) is composed of 3.5% kcals from fat,
70% kcals from carbohydrate, 17% kcals from protein, 10% moisture, and contains 3.74 kcals/
g.

Cyclic Caloric Restriction-Refeeding and Stress Protocol
For the first four cycles of the study the cyclic restriction-refeeding/stress procedure was
followed as previously described [9,10]. Table 1 details the protocol and for the first 3 cycles,
the “long cycles” were used. Briefly, during the restriction phase, rats in the Restrict and S+R
groups received 5 days of a restricted amount of chow (66% of the Control’s daily chow intake
prior to the start of cycling); while the Control and Stress groups received ad lib chow. On the
6th and 7th days, to simulate human-like “breaking” of a diet, all groups were allowed to refeed
on ad lib PF in addition to ad lib chow, and then for 4 more days on ad lib chow but no PF. On
the test day (day 12), the rats were placed in a single arm of a 4-arm radial arm maze (Coulbourn
Instruments Habitest System, Allentown, PA) in which footshock stress was delivered (or not
delivered for the non-stressed groups) in four 3-second bouts of 0.6 mA scrambled current with
current withheld for 15 seconds between bouts. ChlorhexiDerm was used in between sessions
to eliminate stress-associated scents. Rats awaited placement in radial arm maze in a separate
room to minimize stress from the vocalizations made by the stressed rats. Within 20 minutes
following the stress (or no stress) session and just prior to lights out, ad lib chow and PF were
provided in the rats’ individual home cages. All food and spillage was measured 4 and 24 hours
post-stress. After the 24 hr measure was recorded, the rats immediately began another cycle
according to group assignment. Four such cycles were conducted. After these initial traditional
“long” cycles (Table 1), the rats began the “short” cycle protocol (marked with * in Table 1).
The short cycles were predetermined to cause minimal weight loss despite restriction and would
also increase the practical use of this model by decreasing the amount of time needed to obtain
binge-eating. Briefly, the short cycles differed from the long cycles in that chow was limited
to 50% of the Control’s initial daily intake (vs. 66%), but for only 3 days vs. 5 days. This was
followed by 1 day of ad-lib chow and PF (vs. 2 days) and then by 2 days of chow only refeeding
(vs. 4 days). The feeding test was the same as in the long cycles and the rats were weighed
daily throughout cycling. The rats were swiftly sacrificed without anesthesia by guillotine
(IACUC approved) prior to lights off on the day following the last day of chow refeeding (Day
6) of the short, 24th cycle. Besides attempting to simulate the long-lasting course of bulimia
and BED, the length of cycling also was no shorter than one used in a previous study resulting
in persistent hyperphagia of palatable food in rats that underwent app. 3 months of similar
restriction-refeeding cycling [17].

Body Composition Measures
Percent of body fat, lean mass, bone mass, and bone mass density were determined using dual
energy x-ray absorptiometry (DXA,GE-Lunar-Prodigy, Madison, Wisconsin). Carcasses were
scanned and data was analyzed using the small animal module of the encore™ 2002 software
(version 6.10.029). All scans and analyses were conducted at the UAB Clinical Nutrition
Research Core Laboratory by the same technician.
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Endocrine Measures
Trunk blood was collected during sacrifice and assayed in the UAB Clinical Nutrition Research
Core Laboratory. Glucose concentration was measured on the Analox GM7 using the glucose
oxidase method (Analox USA, Lunenburg, MA). Insulin and leptin were assayed in 100ul
aliquots using double-antibody RIA with reagents obtained from Linco Research Products Inc.
(St. Charles, MO) according to the manufacturer’s directions. Sensitivity for the insulin assay
was 0.122 ng/ml, and the mean interassay coefficient of variation was 2.77%. Sensitivity for
the leptin assay was 0.5ng/ml, and the mean interassay coefficient of variation was 4.69%.
CORT was assayed in 10ul aliquots using double-antibody RIA with reagents obtained from
MP Biomedicals/ICN (Orangeburg, NY). Sensitivity for this assay was 11.0ng/ml, with a mean
interassay coefficient of variation of 8.35%.

Statistical Analyses
Differences in chow and PF food intake, body weight, body composition, and endocrine
measures were analyzed with separated analyses of variance (ANOVA) and Bonferroni post-
hoc tests. Alpha was set at p<0.05. Data were expressed as group mean kcals for food intake,
grams for body weight, percent body fat for fat mass, ng/ml for leptin, insulin, and CORT, and
mg/dl for glucose, all ± SEM.

RESULTS
Experiment 1: Effect of Shortened Restriction-Refeeding Cycles and a Protracted History of
Restriction-Refeeding and Stress on Binge-Eating Behavior

As in previous studies with this stress model of binge-eating, a minimum of 3 traditional “long”
cycles produced binge-eating at 4 hrs (Fig. 1A) in the S+R rats. This was due to a greater intake
of palatable food (dark bars in Fig. 1). At 24 hrs, S+R rats’ intake was still elevated (84.6 ±
3.35 total kcals) compared to the other groups (mean of 64.1 ± 3.4 kcals; p<0.01, not shown).
The 5th restriction-refeeding/stress cycle is shown as it represents feeding after a “short” cycles
(Fig. 1B). S+R rats consuming 52% more total kcals and 60 % more PF in 4 hrs than the mean
of the other groups (Fig. 1A, p<0.001) and 61% more PF at 24hr (p<0.001; not shown). Binge-
eating was also evident after 12 cycles (Fig. 1C), and 23 cycles (Fig. 1D). A novel finding was
that once binge-eating was established (after the first 3 cycles), shorter restriction-refeeding
cycles (as outlined in Table 1), were able to sustain binge-eating in S+R rats and to do so after
many restriction-refeeding/stress cycles. Further, after the last cycle (cycle 23) and prior to
sacrifice, there was no attenuation in the magnitude of binge-eating of S+R rats (Fig. 1C)
compared to the earlier cycles (Fig. 1A&B). In this cycle, S+R rats’ intake of PF was 58%
greater at 4hrs (Fig. 1C; p<0.001) and 32% greater at 24hrs vs. the other groups (p<0.05; not
shown). Binge-eating was not a result of a negative energy-balance, as S+R rats had returned
to normal bodyweight post restriction prior to stress. An additional surprising and important
result was that despite the 50% restricted amount of chow given to the Restrict and S+R groups
during the restriction phases of the short cycles (Table 1), it did not produce a significant
decrease in the body weight of the S+R group compared to controls. In fact, the S+R rats were
always within at least 95% of controls’ body weight and, during many cycles, weighed as much
or even exceeded controls’ body weight. Despite this, the S+R rats binged after each of these
cycles (representative examples shown in Fig. 1B–D).

Experiment 2: Effect of Restriction-Refeeding History and Stress on Body Composition
Table 2 outlines the various post-mortem body composition parameters of the groups. Only
the amount of fat mass differed, with the Stress group having significantly lower fat mass than
the Control and Restrict groups, p<0.001. Figure 2 depicts this difference as a mean 35%
decrease of body fat from the other groups. While total carcass mass of the Stress group did
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not statistically differ from the other groups, it was the lowest (Table 2), a result of significant
loss of fat mass. This fat loss is not apparent in the S+R rats as their % body weight as fat did
not differ from the Control and Restrict group (Table 2).

Experiment 3: Effect of Restriction-Refeeding History and Stress on Endocrine Hormones
Figure 3A depicts a main effect of stress to reduce plasma leptin levels; F(1,23) = 10.47, p = .
004. Posthoc comparisons revealed that only the Stress group differed significantly from the
Control (p<0.05) and Restriction group (p<0.01) but not the S+R group. Covariance of body
fat on the ANOVA revealed that the effect of stress on leptin could be completely accounted
for by a reduction in body fat (the source of leptin) of the stressed groups. However, a leptin-
to-fat ratio revealed no significant differences between groups. Plasma glucose levels did not
differ between the groups (Fig. 3B). Stressed groups had lower plasma insulin levels; F(1,23)
= 4.55, p = 0.44 (Fig. 3C) than the non-stressed groups, but the Stress and S+R group did not
differ from each other. However, as with leptin levels, covariance of body fat abolished all
stress effects on insulin levels. Figure 3D graphs the plasma glucose-to-insulin ratio, revealing
an absence of a diabetic-like profile in S+R rats or differences in this ratio between groups.
Lastly, there was a significant interaction between stress and restriction history so that CORT
levels were highest in the S+R group (Figure 4; S+R= 334.56 ± 44.7 ng/ml vs. Control = 248.9
± 48.1, Stress = 190.73 ± 38.7, and Restrict = 132.27 ± 26.8 ng/ml; p<0.01). Correcting for
body fat did not preclude the elevated CORT finding in S+R rats.

DISCUSSION
In this study, we determined whether binge-eating would persist in rats with a history of stress
and restriction (S+R rats) after a prolonged number of stress/restriction cycles; whether
minimal if any weight loss would still yield binge-eating; and lastly, whether adaptation to the
combination of stress and restriction produced an endocrine profile that differed from rats
exposed only to stress, only to a restriction history, or neither. We found that rats did not adapt
to stress after long-term exposure to restriction-refeeding/stress cycles by normalizing their
feeding response to stress. After 7 months of cycling (23 restriction/refeeding cycles), the
binge-eating bouts were still robust.

We also found that binge-eating was maintained even when shorter cycles than those previously
used to elicit binge-eating were used. The shorter cycles resulted in minimal weight loss during
the food restriction phases compared to never-restricted control rats. During some of the cycles,
S+R rats’ weights were within 100% or even over 100% of controls’ weight. This was due to
the fact that with time, especially after the 6th cycle, Control rats were eating somewhat less
than they initially did when they were steadily gaining weight (1st–5th cycle, not shown).
Because the restricted amount of chow given to the S+R rats was tied to a percent calculated
from Controls’ intake at the onset of the cycling (not at each cycle), there were times when the
restricted groups (S+R and R) were eating only 1–2 grams of food less than were the non-
restricted groups. In essence then, the S+R rats were not truly being deprived of food (not if
operationally defined as eating less than Controls). However, the rats behaved as if they were
deprived because they still overate on chow, as did the Restrict group, on the first day of ad
lib feeding following the restriction phase. Increased intake of chow is a normal response to
caloric deprivation. The fact that the binge-eating S+R rats were prohibited from eating freely
early on in their cycling history may have been critical in shifting their threshold of caloric
need upward. Because the binge-eating was always on PF and not chow, substrates linked to
hedonic vs. metabolic properties of food intake may be involved in this shift. To this, we
previously found that S+R rats are hyper-responsive to the anorectic actions of naloxone, an
opioid-receptor antagonist, and their binge-eating was exaggerated by butorphanol, an opioid-
receptor agonist (5).
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Besides changes in central regulators of reward and food intake, a change in body composition
and circulating hormones that regulate meal size could contribute to adaptive response to food
restriction and stress. We found that stress alone decreased body fat but adding repeated food
restriction (dieting) increased it. Caloric restriction by humans is intended to decrease body
weight, preferably body fat, but the data from this model suggest that stress alone may achieve
this goal but dieting abolishes it. The S+R group was allowed to refeed on ad lib food after
restriction and to regain any lost weight, so this may have prevented loss of bone mass or bone
density.

As expected, amount of body fat was tightly correlated with plasma leptin levels in the rats
[18,19]. As a signal to the brain to limit food intake, leptin in abnormally low levels in the S
+R rats might explain their capacity to binge eat. Although these rats had lower leptin levels,
they were not significantly lower than the Control or Restrict groups. We conclude that the
trend of lower leptin in the S+R rats cannot contribute to their binge-eating since lower leptin
levels characterized the Stress-only rats and these rats never binged. Others using this model
of binge-eating recently presented findings of greater ghrelin levels in the binge-eating rats
compared the other groups of rats [20]. In their study, leptin was significantly lower in the
binge-eating rats, an effect also seen in the Restrict group. It is possible that the body weight
of their restricted groups was not as recovered to Control levels as ours were. In any case,
greater ghrelin levels combined with decreased leptin would favor increased appetite and
increased food intake [21].

Similar to the effect of stress to decrease body fat and leptin, experience with footshock stress
was also associated with lower plasma insulin levels. This effect is likely linked to adipose
levels as variance in fat mass accounted for the entire statistical difference in insulin levels
across the groups. Indeed, insulin, like leptin, is correlated with percent body fat [22].
Regardless, we cannot attribute decreased circulating insulin to binge-eating, because a
decrease in insulin was also found in the Stress rats that did not have a history of restriction
and, therefore, never binged. However, as another satiety signal to the brain [18], insulin at
reduced levels may render the S+R rats vulnerable to binge-eating. Glucose levels were also
normal in the S+R rats and importantly, there was no evidence of an increased insulin-to-
glucose ratio, ruling out the possibility that hunger induced by a diabetic-like state in S+R rats
motivated their binge-eating.

While leptin and insulin levels were normal in the binge-eating rats, their plasma CORT levels
were significantly elevated compared to the other groups. Footshock alone is known to elevate
CORT levels [23], and we previously ascertained that CORT levels are elevated by the same
intensity of footshock used here in non-cycled rats (unpublished data), but the Stress group in
this study did not have elevated CORT levels relative to the non-stressed groups. This suggests
that CORT levels may be attenuated by repeated experience with stress, but that adding a
history of restriction reverses the attenuation. A recent study [20] replicated our results with
fewer cycles, finding that only the binge-eating S+R rats had elevated CORT levels at the time
they were sacrificed. Models of obesity are typically characterized by high CORT and leptin
levels as leptin from increased adiposity is believed to stimulate HPA axis activity [24]. This,
however, was not found here. It is possible that restriction with partial vs. daily refeeding on
PF precluded obesity in this binge-eating model and, hence, precluded an association between
CORT and leptin levels. However, we believe that the high CORT levels in the S+R rats
contributed significantly to their binge-eating response to stress.

Several of our findings are consistent with human binge-eating, namely that binge-eating
persists for long periods of time with repeated exposure to stress and that it is not contingent
on extreme dieting or weight loss. The persistence of binge-eating through many cycles despite
minimal, if any, weight loss, in our binge-eating rats (S+R) is analogous to the protracted course
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of bulimia and BED (2) and the normal to above average body weight of binge-eating patients
[1], many of whom report that binge-eating persists despite absence of dieting [25,26]. These
findings attest to the stubborn neuroadaptative changes to food restriction and stress that must
initially occur to later sustain binge-eating. Even in overweight and obese individuals that do
not binge, early attempts to lose weight through a very restrictive diet may create similar
neuroadaptations to explain why it is so difficult for so many of them to lose weight and keep
it off.

Also consistent with the human literature, are the body composition findings of the S+R group.
Like the S+R rats, many individuals with bulimia have the same percent of body fat as healthy
controls [27,28] and have no difference in bone mass density or bone mass content despite that
they typically diet more frequently than individuals with BED [28]. Indeed, only bulimic
patients with a history of anorexia are at higher risk for low bone mineral density, and this is
attributed to lower BMI and prolonged amenorrhea [29].

A unique endocrine marker of our binge-eating rats was elevated plasma CORT levels.
Increased CORT levels are associated with increased appetite and food intake in humans [30,
31]. Bulimia nervosa patients have elevated CORT levels [32] and show exaggerated CORT
responses to stressors [33]. More recently, a study found higher CORT levels in obese women
with BED vs. obese women did not binge. When stressed with a cold pressor test, the binge-
eating women reached a near significant greater elevation of CORT (p<0.057) compared to
stressed non-binge-eating women. These women also reported greater hunger and desire to
binge eat after the stress test [34]. Other studies using binge-eating patients and eating
disordered students indicate that they perceive events as more stressful than healthy controls
[35,36].

In our rats, a history of restriction may serve to increase HPA-reactivity to footshock. Here,
rats with a history of restriction but no footshock stress (the Restrict group) did not have
elevated CORT levels. Therefore, we can only attribute the combination of stress and a history
of restriction (S+R) to elevated CORT levels. Binge-eating may be a mechanism by which
these rats try to reduce or cope with the increased stress that results from this combination in
so far as elevated CORT marks increased stress. Indeed, PF intake has been found to reduce
adrenocorticotropic hormone (ACTH) and CORT levels in stressed rats [37], suggesting that
PF intake alleviated the adverse effects of stress. In a study done by another laboratory, ACTH
levels were also found to be abnormally elevated in their binge-eating S+R group [20]. This
suggests that normal negative-feedback regulation of the HPA axis is absent in these rats and
that they are hyper-reactive to stress. Binge-eaters report that stress and negative affect are the
most powerful triggers of binge-eating [3–7]. Similarly, others have found that stress reinstated
cued lever-pressing for palatable pellets after extinction in rats and that treatment with a CRF1
antagonist prevented this ‘relapse’ for PF [38]. Together these studies along with our
observation of increased CORT in binge-eating rats warrant a more aggressive research focus
and testing of CR1 and CRF2 antagonists in the treatment of binge-eating.

Unfortunately, we cannot confirm that binge-eating attenuated stress in our rats, or that it
reduced their elevated CORT levels. Future studies will test for this, but this is also needed in
human research. While individuals who binge-eat report that they use binge-eating to escape
or cope with stress, this relief may be short lived because the act itself is tied to negative
emotions, which serve to fuel the dieting-binge cycle (3, 21, 25). We should also note that
varying levels of stress in the early stages of the rats’ development could affect the onset and
robustness of the binge-eating in this animal model [39]. Because our rats were raised outside
of the laboratory, it is possible that early life stress is a risk factor for binge-eating and that,
later, cyclic food restriction (i.e., dieting) and footshock stress (i.e., environmental stressors)
are sufficient to express binge-eating.
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This animal model highlights the powerful and long lasting effects that a critical experience
with caloric restriction can impose on subsequent eating behavior. Binge-eating is a lasting
consequence of food restriction in prisoners of war [6] and in the famous Minnesota Semi-
starvation study [40]. Our rodent model also yielded similar hormone profiles to binge-eaters
in that binge-eating occurs despite normal circulating levels of leptin, insulin, and glucose.
Findings of increased CORT levels in our binge-eating rats strengthen the role of increased
CORT in human binge eaters as a biological substrate of binge-eating and strengthen the role
of stress in binge-eating. Our findings implicate the need to target environmental stress
reduction, to include more stress-reduction techniques, and increase testing of novel HPA-
targeted compounds in the treatment of eating disorders where binge-eating is a main feature.
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Figure 1.
Chow and palatable food (PF) intake over 0–4 hrs after onset of dark of control rats (Control),
of rats following footshock stress (Stress), of rats after a history of caloric restriction-refeeding
(Restrict), and rats with a history of caloric restriction-refeeding after stress (S+R) following
3 traditional initial “long” cycles (A); after 5 restriction-refeeding/stress cycles, the last 2 which
were “short” cycles(B); after 12 restriction-refeeding/stress cycles, the last 9 which were
“short” cycles (C), and after 23 restriction-refeeding/stress cycles, the last 20 being “short”
cycles (D).
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Figure 2.
Post-sacrifice percent of body weight as fat after 23 cycles for Control rats that were never
stressed or restriction-refeeding cycled, Stress rats that were only stressed, Restrict rats that
were only restriction-refeeding cycled and the binge-eating S+R rats that were stressed and
restriction-refeeding cycled; ***p<0.001 Stress vs. all other groups.
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Figure 3.
(A) Levels of plasma leptin in rats with stress and restriction-refeeding cycles (S+R; dark bar)
compared to control rats (Control), rats with only stress (Stress), and rats with only a restriction-
refeeding cycling (Restrict); * p<0.05 Stress vs. Control and Restrict only; ** p<0.01 main
effect of stress to decrease leptin, an effect statistically accounted for by decreased body fat.
(B) Plasma glucose levels for all groups; ns. (C) Plasma insulin levels for all groups; *p<0.05
main effect of stress, also statistically accounted for by decreased body fat in stressed groups.
(D) Plasma glucose/insulin ratio for all groups; ns.
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Figure 4.
Level of plasma corticosterone in rats with stress and a history of restriction (S+R) compared
to control rats (Control), rats with only stress (Stress), and rats with only a history of restriction
(Restrict); ***p<0.001 S+R vs. all groups.
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Table 1
Cyclic restriction-refeeding and stress protocol for binge-eating including use of long and short restriction-
refeeding phases. The long (traditional) cycles were used in cycles 1–4, and the short cycles* were used in cycles
5–23.

Phase of Cycle: Restriction Refeeding with PF Refeeding without PF Test Day
Long Cycle →
Short Cycle* →
GROUPS ↓

Day 1–5
Day 1–3*

Day 6–7
Day 4*

Day 8–11
Day 5–6*

Day 12
Day 7*

Control Ad lib chow Ad lib chow + PF Ad lib chow No stress
Stress Only Ad lib chow Ad lib chow + PF Ad lib chow Stress
Restriction Only 66% of chow

*50% of chow
Ad lib chow + PF Ad lib chow No stress

Stress +Restriction 66% of chow*
50% of chow

Ad lib chow + PF Ad lib chow Stress

PF= palatable food (cookies); 66% and 50% of chow was determined from control groups’ mean 24 hr intake over 3 days prior to onset of the first cycle.
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