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Abstract

Objective—Because binge eating and emotional eating vary through the menstrual cycle in 

human females, we investigated cyclic changes in binge-like eating in female rats and their control 

by estrogens.

Method—Binge-like eating was elicited by three cycles of 4 days of food restriction and 4 days 

of free feeding followed by a single frustrative nonreward-stress episode (15 min visual and 

olfactory exposure to a familiar palatable food) immediately before presentation of the palatable 

food.

Results—Intact rats showed binge-like eating during the diestrous and proestrous phases of the 

ovarian cycle, but not during the estrous (peri-ovulatory) phase. Ovariectomized (OVX) rats not 

treated with estradiol (E2) displayed binge-like eating, whereas E2-treated OVX rats did not. The 

procedure did not increase signs of anxiety in an open-field test. OVX rats not treated with E2 that 

were subjected to food restriction and sacrificed immediately after frustrative nonreward had 

increased numbers of cells expressing phosphorylated extracellular signal-regulated kinases (ERK) 

in the central nucleus of the amygdala (CeA), paraventricular nucleus of hypothalamus (PVN), and 

dorsal and ventral bed nucleus of the stria terminalis (BNST) compared with non-restricted or E2-

treated rats.

Discussion—These data suggest that this female rat model is appropriate for mechanistic studies 

of some aspects of menstrual-cycle effects on emotional and binge eating in human females, that 

anxiety is not a sufficient cause of binge-like eating, and that the PVN, CeA and BNST may 

contribute to information processing underlying binge-like eating.
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Binge eating, eating an excessive amount of food in a discrete time with an accompanying 

sense of lack of control over eating, is the central feature of bulimia nervosa, in which 

individuals compensate for the increased food intake, e.g., by purging, and binge-eating 

disorder, in which individuals do not compensate.1 and, therefore, are frequently obese.1 

Binge eating disproportionately affects females, whose lifetime prevalence of bulimia 

nervosa (~1.3–1.5% in the USA) and binge-eating disorder (~2.3–3.5%) are ~2-fold those of 

males.2,3 Binge eating also varied through the menstrual cycle. During the luteal phase, 

when estrogens and progestins are both high, binge eating rates are higher than during the 

mid- to late-follicular or peri-ovulatory phases, when only estrogens are high. This was 

shown in several studies of females with bulimia nervosa4,5 and in one study of females with 

binge-eating disorder and bipolar disorder.6 Similar menstrual-cycle variations occur in 

women’s tendency for emotional eating, i.e., excessive intake stimulated by negative affect, 

which is a risk factor for eating disorders.4,7,8 In the largest such study to date, Klump et 

al.9,10 quantitatively analyzed the relations among menstrual fluctuations in levels of 

estradiol (E2, the main estrogen), progesterone (the main progestin), emotional eating 

scores11 and binge eating. The results supported a model in which estrogens inhibit 

emotional-eating and progestins oppose this effect of estrogens, i.e., indirectly stimulate 

emotional eating. Importantly, the results were clearest in women who reported engaging in 

binge episodes; i.e., whose eating was most dysregulated.

Because the biological factors contributing to the etiology of binge eating are not well 

understood,12–14 animal models are an increasingly important facet of binge-eating 

research.15,16 Binge-like eating can be elicited in rodents simply by intermittent access to 

palatable food.15,17–25 Such limited-access models capture some of the sex differences in 

human binge eating. For example, female rats were markedly more prone than male rats to 

display binge-like eating when palatable mix of sugar and fat was offered on an intermittent 

schedule.22 When fat alone was provided on a similar intermittent schedule, however, female 

rats ate much less than males during binge-like-eating tests.18,21 Furthermore, when 

ovariectomized (OVX) rats were offered fat intermittently and E2 and progesterone were 

cyclically injected to mimic the normal estrous (ovarian) cycle, the size of binge-like bouts 

were reduced tonically, but not cyclically; in addition, apparently in contrast to the human 

data reviewed above,9,10 E2-progesterone and E2 alone had identical effects on binge-like 

eating.24,25

Other models of binge eating may better capture some aspects of human binge eating than 

models based on limited access alone. Because the majority of women with eating disorders 

have a history of dieting and because negative affect often precipitates binge eating,13,14 

Cifani et al.26,27 developed a rat model involving a history of cyclic food restriction and an 

acute psychological stressor, i.e., a frustrative nonreward procedure consisting of 15 min 

exposure to the odor and sight of a familiar palatable food, just before offering the food. 
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Frustrative nonreward and similar aversive experiences are thought to activate the negative-

valence system, which includes the neuroendocrine stress system and cortico-limbic neural 

circuits that produce anxiety, fear, frustration, depression and other negative-emotional 

states, which in turn contribute to binge eating and other psychopathologies as well as their 

animal homologues.28,29 Importantly, although the frustrative nonreward used in our model 

increased plasma corticosterone levels, this occurred regardless of food-restriction history, so 

was not sufficient to account for binge-like eating.27,30, The frustrative-nonreward procedure 

also provides a discrete trigger for binge-like eating, permitting investigation of mechanisms 

that stimulate binge-like eating in the absence of the eating per se, and this has been 

exploited to investigate the neural mechanisms underlying this form of binge-like eating.31 

In view of these considerations, we examined whether binge-like eating in this model (1) 

varies through the ovarian cycle in intact female rats; (2) is influenced by E2 treatment in 

OVX rats; (3) is associated with increased anxiety or arousal, as measured in an open-field 

activity test, in intact rats; and (4) is associated with increased neuronal activity, which was 

assessed immunocytochemically in several brain areas related to eating or to the negative-

valence system in E2-treated and untreated OVX rats.

Method

Female Sprague-Dawley rats were housed individually and maintained on standard chow 

and water. A palatable test food was prepared by mixing of Nutella (Ferrero, Alba, TO, 

Italy) chocolate-hazelnut cream, chow and water (52%, 33% and 15% weight, respectively). 

All experiments were carried out in accordance with European and Italian directives.

Experiment 1

Four groups of intact, cycling female rats (n=27 each) were used. One group was subjected 

to the binge-like eating procedure, done as previously26,27,31 with intermittent food 

restriction and frustrative-nonreward stress prior to 2 h palatable food access, as shown in 

Figure 1. A second group received only intermittent food restriction, a third group received 

only frustrative-nonreward stress, and a fourth group received neither food restriction nor 

frustrative-nonreward stress prior to palatable-food access. Vaginal cytology samples were 

taken immediately after the binge test and ovarian-cycle phase was assessed using standard 

criteria32. Four rats were excluded due to the poor quality of the samples. The rats in 

diestrus 1, diestrus 2 and proestrus were combined into non-estrous groups and compared 

with rats in estrus. This was done because the only consistent ovarian-cycle effect on 

spontaneous eating in rats is the decrease during estrus33, because preliminary observations 

with the current model indicated that binge-like eating occurred during diestrus and 

proestrus, but not during estrus.

Experiment 2

The same rats were assigned to the same groups for an additional 8 d food restriction-

refeeding or control period and, on the next day, frustrative-nonreward stress (no, yes), after 

which the rats were placed in automated open-field locomotor-activity boxes (43 × 43 floor 

area, with a 25 × 25 cm virtual central zone) for 10 min. The open field test was performed 

immediately after stress without having access to palatable food as in the previous 
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experiment. Locomotion in the entire open field and in the central zone and entries into the 

central zone were computed based on interruptions of infrared light beams placed in a 2.6 × 

2.6 orthogonal grid 3.5 cm above the box floor. Increased locomotor activity in the entire 

field is considered a sign of behavioral arousal, and reduced locomotor activity in the central 

zone and numbers of entries into the central zone are considered signs of increased 

emotionality, anxiety or fear in mice and rats34–36. Vaginal cytology samples were collected 

and analyzed, and rats were assigned to estrous and non-estrous groups for data analysis, as 

above.

Experiment 3

Rats (n=25) were OVX and, 3 d later, began a previously validated33,37 near-physiological 

E2 regimen (2 μg E2-benzoate in 100 μL sesame oil, SC, once each 4th day) (n=13) or a 

control regimen (OIL, sesame oil alone) (n=12). After five E2 or OIL cycles, each group was 

divided into one subgroup that received the intermittent food-restriction and frustrative-

nonreward procedure and one group that did not. E2 or OIL treatment was continued, and 

the binge-eating test was done ~25 h after the final E2 or OIL injection. Neither non-

restricted and stressed controls nor restricted and non-stressed controls were included 

because these groups did not show binge-like eating in Experiment 1 or in previous 

studies.26,27,31

Experiment 4

The effects of cyclic food restriction and frustrative-nonreward stress on expression of 

phosphorylated extracellular signal-regulated kinases (pERK; also known as mitogen-

activated protein kinases) were determined in E2− (n=14) and OIL (n=13)-treated OVX rats. 

Neuronal ERK is phosphorylated in activated neurons in response to increased intracellular 

calcium and thus indicates activated neurons.38,39 The procedure of Experiment 3 was 

repeated in a new group of 27 rats, except that on d 25, palatable food was not offered, and 

rats were prepared for immunocytochemical analysis of pERK expression in the brain areas 

described below.

In all experiments, data were analyzed with ANOVA and Bonferroni-corrected post-hoc t-

tests and are reported as mean ± SEM. Additional methodological details are contained in 

Supplementary Methods.

Results

Experiment 1

As previously showed,26,27,31 restricted rats lost body weight during the 4 d food-restriction 

periods and regained it during the subsequent 4 d free-feeding periods, such that body 

weights did not differ significantly across groups on the test day (data not shown). ANOVA 

of binge-like eating revealed four-way interaction [food restriction x stress x ovarian phase x 

interval, F(3,288) = 2.82, p < 0.05]. Post hoc tests indicated that during the initial 15 min of 

the test, restricted and stressed rats tested during diestrus or proestrus (i.e., non-estrous rats) 

ate more than restricted and stressed rats tested during estrus or than control rats (Figure 

2A). In addition, non-estrous rats ate slightly more than estrous rats in the three control 
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conditions (Figure 2A). Importantly, the relative increase in 15 min palatable-food intake 

due to restriction and stress in non-estrous rats vs. estrous rats (~100%) was markedly larger 

than the relative increase in non-estrous rats vs. estrus rats in the three control groups 

(~25%), indicating a selective interactive effect of restriction/stress and non-estrous status. 

Rats in all groups ate similar amounts of palatable food during min 15–120 of the test, so 

that the initial effects were still evident in the 2 h cumulative palatable-food intakes [food 

restriction x stress x ovarian phase interaction, F(1,95) = 3.83, p < 0.05] (Figure 2B). Again, 

the relative increase in 2 h palatable-food intake due to restriction and stress in non-estrous 

rats vs. estrous rats was larger than the relative increase in non-estrous rats vs. estrous rats in 

the three control groups (~80% vs. ~20%).

Experiment 2

ANOVA revealed an interactive effect of stress and estrous phase on the distance travelled in 

the central zone of the open field [F(1,100) = 18.7, p < 0.01], but no three-way interaction. 

Post hoc tests indicated that stressed non-estrous rats exhibited significantly more locomotor 

activity in the central zone than non-stressed non-estrous rats regardless of food-restriction 

history (Figure 3). There was a main effect of stress on the number of entries into the center 

zone [F(1,100) = 10.88, p < 0.01], but no interactions. Post hoc comparisons revealed that 

only stressed, restricted, non-estrous rats entered the central zone more often than non-

stressed, restricted non-estrous rats. The increase of the locomotion and of the number of 

entries into the center zone suggests no influence on anxiety-like behavior on binge eating 

group. Finally, there was an interactive effect of stress and estrous phase distance traveled in 

the entire open field [F(1,100) = 7.58, p < 0.01], but no three-way interaction. Post hoc tests 

indicated that food-restricted, stressed non-estrous rats locomoted more than restricted, 

stressed, estrous rats and more than non-restricted, non-stressed, non-estrous rats, showing 

an increased of general arousal.

Experiment 3

E2-treated OVX rats gained less weight than OIL-treated OVX rats in the initial 20 d of the 

experiment (i.e., before the binge like-eating procedure) [main effect of E2/OIL, F(1,48) = 

75.55, p < 0.01] and maintained this difference subsequently, regardless of whether they 

were food restricted and stressed or not [main effect of E2/OIL, F(1,48) = 79.30; p < 0.01]. 

On the test day, neither E2 nor OIL food-restricted, stressed rats differed in weight in 

comparison with their non-restricted, non-stressed controls [main effect of food restriction 

and stress, which were grouped as one factor, F(1,48) = 0.57; p > 0.05] (Figure 4A).

Palatable-food intake on the test day was significantly affected by food restriction-stress and 

by E2, as indicated by interaction effects between these two factors after both 15 min 

[F(1,21) = 6.25; p < 0.05], and 2 h [F(1,21) = 6.26; p < 0.05]. Post-hoc comparisons 

indicated that 15 min and 2 h palatable-food intakes, first, were less in E2 rats than OIL rats 

both in the non-restricted, non-stressed rats and the restricted, stressed rats, and, second, 

were more in restricted, stressed OIL rats than in the other three groups (Figure 4B). 

Furthermore, the relative increases in 15 min and 2 h palatable-food intakes due to lack of 

E2 (i.e., OIL vs. E2-treated rats) in food-restricted and stressed rats (~40 and ~30%, 

respectively) appeared larger than the relative increases in control rats (~25% and ~5%, 
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respectively), suggesting a selective interactive effect of food restriction-stress and lack of 

E2.

Experiment 4

The numbers of cells expressing pERK were significantly increased by food restriction-

stress and OIL in the CeA, PVN, in dorsal BNST and ventral BNST [interactions of F(1,19) 

= 35.8, p < 0.01; 6.4, p < 0.05; 5.0, p < 0.05; and 12.5, p < 0.05, respectively]. Post-hoc tests 

indicated that ERK phosphorylation was significantly increased in food-restricted/stressed 

OIL rats in comparison with the other groups in the CeA, PVN, dorsal BNST, and ventral 

BNST (Figure 5 and 6). In the ARC there was only a main effect of restriction-stress 

[F(1,19) = 4.5, p < 0.01] (data not shown); in the BLA there were no significant effects (data 

not shown).

Discussion

Here we report novel studies of the neuroendocrine influence on binge-like eating in a rat 

model in which binge-like eating was elicited by a history of cyclic food restriction and an 

acute frustrative-nonreward procedure, in which rats were exposed to a familiar palatable 

food, without being allowed access to it, immediately before the binge test.26,31,40–43 This 

procedure has face validity as a model of the putative contributions of dieting and negative-

valence states, especially psychosocial stress, to emotional and binge eating in 

humans.1,7,8,13,14,28,29

Binge-like eating and the ovarian cycle in rats and women

Experiment 1 demonstrates for the first time that binge-like eating in intact, cycling female 

rats varies through the estrous (ovarian) cycle. Rats subjected to the binge procedure that 

were tested in diestrus or proestrus (i.e., non-estrous rats) displayed ~100% increases in 

palatable-food intake, i.e., binge-like eating, compared with control rats that were subjected 

only to cyclic food restriction, only to frustrative nonreward, or to neither. In contrast, binge-

like eating in rats tested during estrus was completely suppressed; these rats ate only about 

as much as estrous rats in the three control groups. Importantly, in all three control 

conditions, rats tested during estrus ate about ~20% less than rats tested during diestrus or 

proestrus, which corresponds to the usual cyclic change in food intake in cycling rats.33,37 

That the decrease in binge-like eating in estrus was relatively much larger than this typical 

cyclic effect indicates that it is a distinct phenomenon, not simply a reflection of the ovarian 

rhythm of spontaneous eating.

This cyclic variation in binge-like eating in rats is superficially similar to the regular 

menstrual cycle-related variations in binge frequency in women with bulimia nervosa,4,5 

binge-eating disorder,6 or with clinically diagnosed histories of binge eating10 as well as to 

variations in the severity of symptoms of emotional eating in women with a clinically 

diagnosed histories of binge eating10 or in females in a community sample.9 Thus, this 

model may provide a useful platform for investigation of a clinically relevant aspect of 

dysregulated eating in human females. There are, however, important differences between 

the cyclic effects in humans and rats that require further investigation. First, the binge 
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measure in rats was binge size, whereas the measures in humans were binge frequency or the 

severity of symptoms of dysregulated eating. Whether the size of binges or bouts of 

emotional eating vary through menstrual cycle is unknown. Because the neural controls of 

the frequencies and of the sizes of binge or binge-like eating are likely to differ, this is a 

potentially crucial issue for mechanistic studies.

The second difference is that the cycle phases during which changes occur in binge or binge-

like eating in rats and humans are not fully comparable. In the finest-grain analysis done to 

date in women10, binge frequency was lowest during the peri-ovulatory and late-luteal, or 

premenstrual, phases of the cycle. The 4 d peri-ovulatory phase in women includes the 

period of maximal estrogen secretion33,44 and is similar to the rat estrous phase in terms of 

the occurrence of ovulation and minimal spontaneous eating33,44,45. Estrus, however, 

follows the increase in endogenous estrogens that occurs during diestrus 2 and peaks in 

proestrus43,45. The delay is thought to be due to the latency for the expression of estrogen-

controlled genes. Thus, the peri-ovulatory and estrous decreases in binging and binge-like 

eating are both consistent with an estrogenic effect. In contrast, during the late-luteal phase, 

when binge frequency was also high, estrogen and progestin secretion decrease toward their 

minima. The most comparable phase in rats is diestrus 1, but during diestrus 1, rats’ binge-

like eating is high. The explanation for this apparent difference is unclear. Another issue 

concerns the early and mid-luteal phase. Consistently across all studies,4–6,9,10 women’s 

binge frequency was highest in the early to mid-luteal phase, when the corpora lutea secrete 

increasing amounts of estrogens and progestins.33,44 There is no comparable discrete post-

ovulatory phase in rats.33,45 In rats, successive cycles overlap, and corpora lutea secretion of 

estrogens and progestins occurs during diestrus 2, i.e., when the ovarian secretions of the 

next cycle have begun. The relative degrees of estrogen and progestin secretion are also less 

in diestrus 2 in comparison with the mid-luteal phase. In the present experiment, binge-like 

eating was similar during diestrus 2, diestrus 1, when both estrogen and progestin secretion 

are minimal, and proestrus, when ovarian estrogen secretion is higher, but progestin 

secretion is again minimal. Understanding these species differences is prerequisite to further 

development of the rat model of the neuroendocrinology of binge eating.

Effects of ovarian hormones in OVX rats

We also determined that E2 treatment was sufficient to suppress binge-like eating in OVX 

rats (Experiment 3) in the cyclic food deprivation/frustrative-nonreward model. This appear 

to correspond closely to Klump et al.’s10 finding, based on analyses of binge and hormonal 

dynamics during the menstrual cycle, of an independent estrogenic inhibition of binge 

frequency in women, subject to the caveats discussed above. Klump et al.10, however, also 

found evidence for a pronounced interactive, inhibitory effect of estrogens and progestins on 

binge frequency. It is not clear if such an interactive effect occurs in rats. Yu et al.24,25 found 

that binge-like eating in OVX rats was not affected by progesterone alone and was similarly 

reduced by E2 plus progesterone and by E2 alone in OVX rats, which fails to support a role 

for progestins in their model. It may be that progestins are simply not involved in the control 

of binge-like eating in rats. Alternatively, the involvement of dieting and frustrative-

nonreward stress in the present model may unveil effects of progestins that were not 

apparent in Yu et al.’s 24,25 intermittent access-alone model. In addition, Yu et al. al.24,25 
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used a near physiological cyclic regimen of progesterone treatment, and previous data 

indicate that, although physiological progesterone treatment does not affect normal eating in 

rats,33 chronic progesterone treatment in pharmacological doses can reverse the eating-

inhibitory effects of E2 and stimulates eating in OVX rats.46,47 This suggests that it may be 

possible to model the effects of progestins on emotional and binge eating in humans using 

chronic, high-dose progesterone treatment in OVX rats.

Negative valence and arousal

The open-field test in Experiment 2 examined whether binge-like eating induced by 

intermittent access to palatable food and frustrative-nonreward stress is associated with 

anxiety, fear or other negative-valence states that lead to reductions in central-zone 

locomotion and central-zone entries.34–36 That neither of these measures decreased in rats 

that displayed binge-like eating suggests that binge-like eating did not result from increased 

negative valence. This complements the report of Cao et al.17 that binge-like eating induced 

by intermittent access to palatable food did not increase anxiety-like behavior measured by 

light-dark preference in an elevated plus maze. Thus, further research is required to 

determine whether the role of negative valence in binge and emotional eating in humans can 

be modeled in animals.

The increase in central zone locomotion in non-estrous rats subjected to frustrative-

nonreward stress and the increase total open-field locomotion in non-estrous rats subjected 

to food restrictions and frustrative-nonreward stress suggest that increased binge-like eating 

in this model is associated with general arousal.48 That increases in locomotor activity 

occurred only in non-estrous rats contrasts sharply to the marked increase in spontaneous 

locomotor activity that normally occurs during estrus.49 Further research is warranted to 

determine whether the arousal is an expression of increased activity of the negative-valence 

system or whether it contributes causally to binge-like eating. It may be that orexin is 

involved because orexin stimulates locomotor activity50 and administration of an orexin-1 

receptor antagonist reduced binge-like eating in this model.51

Brain mechanisms

Little is known about the neural mechanisms mediating binge-like eating in rodent models. 

Using transgenic methods Cao et al.17 found that estrogens act via estrogen receptor-1 (Esr1, 

formerly ERα) in serotoninergic neurons in the dorsal raphe nuclei to reduce binge-like 

eating produced by intermittent access to palatable food in mice. This implicates serotonin 

in the inhibitory effect of estrogens on binge-like eating and extends previous reports that 

neuropharmacological manipulation of serotonergic neurotransmission influences binge-like 

eating26,52,53, as well as clinical data implicating serotonergic neurotransmission in binge 

eating.12,54

Micioni Di Bonaventura et al.31 reported that pharmacological manipulation of 

corticotropin-releasing factor (CRF) in the BNST decreased binge-like eating induced by the 

cyclic food restriction/frustrative-nonreward procedure and that frustrative-nonreward stress 

increased the numbers of neurons expressing Fos, a marker of neuronal activity, in the dorsal 

and ventral BNST of non-estrous rats. This involvement of BNST CRF in binge-like eating 
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suggests that extrahypothalamic CRF systems may control binge eating independent of the 

hypothalamic-pituitary-adrenal (HPA) axis. The present BNST pERK data extend these 

findings by suggesting that the neural activation of the BNST of OVX rats subjected to 

cyclic food restriction and frustrative nonreward is negatively regulated by estrogens. The 

mechanisms mediating this regulation are not clear, although the delay between E2 treatment 

and testing suggests that gene regulation may be involved, as is the case for many other 

estrogenic effects. It is also not clear whether estrogens act directly in the BNST, which 

expresses Esr1 abundantly55, to exert this inhibitory influence on neuronal activation or 

whether they act indirectly, for example in the dorsal raphe. Although BNST CRF is not 

linked to the HPA axis, a role for the HPA axis in binge-like eating after cyclic food 

restriction/frustrative-nonreward cannot be excluded. This is because frustrative-nonreward 

[with or without food-restriction history] increased plasma corticosterone levels26 and 

glucocorticoids selectively stimulate intake of fat and sweet foods.56

pERK expression also increased in the PVN and CeA in OVX rats subjected to cyclic food 

restriction and frustrative nonreward that were not E2 treated, but not in those that were E2 

treated; i.e., paralleled induction of binge-like eating. These data add two novel sites to the 

neuronal network mediating binge-like eating. The decreases in pERK expression in the 

PVN in E2-treated rats subjected to cyclic food restriction and frustrative-nonreward stress 

appears similar to the effects of E2 to decrease Fos expression in the PVN in response to 

restraint stress.57 E2, however, failed to affect Fos expression in the CeA in response to 

noise stress.58 The nature of the contributions of the CeA and PVN to binge-like eating 

cannot be identified at present due to the numerous functional roles of these sites, in 

particular, their contributions to both the negative-valence system and the control of normal 

eating. Importantly, our data suggest that E2 modulates these contributions oppositely. That 

is, E2 increased the numbers of PVN and CeA neurons expressing Fos in response to 

eating,59 whereas E2 decreased the numbers of PVN and CeA neurons expressing pERK in 

response to cyclic food restriction and frustrative nonreward. This distinction should be 

useful in identifying the particular PVN and CeA neurons involved in binge-like eating.

Conclusion

These data suggest that binge-like eating elicited by cyclic food-restriction and frustrative-

nonreward stress in female rats provides an appropriate model for mechanistic studies of the 

estrogenic modulation of emotional and binge-like eating in during the menstrual cycle. 

Furthermore, they suggest that anxiety as measured in the open field does not contribute to 

binge-like eating under these conditions. Finally, the pERK findings suggest that the PVN, 

BNST and CeA contribute to the neural mechanism underlying binge-like eating in ways 

that are distinct from their roles in normal eating.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Binge-like eating procedure
Rats were food restricted (66% of preceding ad libitum chow intake) or fed ad libitum on d 

1–4, 9–12, and 17–20. All rats were fed ad libitum on d 5–8, 13–16, and 21–24 and offered 

access to palatable food from 10.00–12.00 h on d 5, 6, 13 and 14. On d 25 rats were 

subjected to frustrative-nonreward stress for 15 min (10.00–10.15 h) by hanging a cup 

containing the palatable food inside a metal grid container, so that the rats could see and 

smell it, but could not obtain it. During this period, rats repeatedly attempted to reach the 

palatable food. Finally, for the binge-like eating test the cup of palatable-food was placed 

inside the cage for 2 h (10.15–12.15 h). Control rats were not food restricted, not subjected 

to stress, or neither. Stressed and non-stressed rats were housed in different rooms to avoid 

subjecting the non-stressed rats to the smell of the palatable food during the stress 

procedure.
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Fig. 2. Cyclic changes in binge-like eating in intact female rats
A history of intermittent food restriction and a single 15 min period of frustrative-nonreward 

stress prior to the feeding test increased palatable food intake in female rats tested during 

diestrus or proestrus, but not in rats tested during estrus (Experiment 1). Left: palatable-food 

intake during the first 15 min of testing; Right: palatable-food intake during the entire 2 h 

test; kcal/kg body weight, mean ± SEM. **Different from non-restricted or non-stressed 

rats, p<0.01; ##Different from rats not in estrus, p<0.01; n = 17–22 rats in diestrus or 

proestrus, n = 6–8 rats in estrus.
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Fig. 3. Cyclic changes in total distance traveled in intact female rats
Independent of food-restriction history, 15 min of frustrative-nonreward stress increased 

total distance traveled in the central zone of an open-field in intact female rats tested during 

diestrus or proestrus, but not in rats tested during estrus (Experiment 2). Left: Total distance 

travelled in the central zone; Right: central-zone entries; mean ± SEM. *Different from non-

restricted or non-stressed groups, p<0.05, **p<0.01; ##Different from rats not in estrus, 

p<0.01; n = 22–24 rats in diestrus or proestrus, n = 6–7 rats in estrus.
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Fig. 4. Estradiol (E2) treatment suppressed binge-like eating in ovariectomized (OVX) rats
A history of intermittent food restriction and a single 15 min period of frustrative-nonreward 

stress prior to the binge-eating test increased palatable food intake in OVX rats that did not 

receive E2 treatment, but not in OVX rats that were treated with E2 (Experiment 3). A, body 

weights, g; B, palatable-food intake, kcal/kg body weight, during the first 15 min of testing 

(left) and during the entire 2 h test (right); mean ± SEM. **Different from non-restricted/

non-stressed group, p<0.01; Different from OIL group, #p<0.05, ##p<0.01; n= 6–7 per 

group.
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Fig. 5. Estradiol (E2) treatment reduced brain activation elicited by the binge-eating procedure 
in the central nucleus of the amygdala (CeA) and paraventricular nucleus (PVN), but not in the 
arcuate nucleus (Arc)
A single 15 min period of frustrative-nonreward stress increased the numbers of cells 

expressing phosphorylated extracellular signal-regulated kinases (pERK), a marker of 

neuronal activation, in the brains of ovariectomized (OVX) female rats with a history of 

intermittent food restriction that received OIL treatment, but not in non-restricted rats or 

food-restricted rats that were treated with E2 (Experiment 4). A, CeA; B, Arc; C, PVN. In 

each panel, mean ± SEM numbers of pERK-positive nuclei are shown on left and 

representative photomicrographs shown on the right. **Different from non-restricted/non-

stressed group, p<0.01; ##Different from OIL group, p<0.01; n= 6–7 per group.
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Fig. 6. Estradiol (E2) treatment reduced brain activation elicited by the binge-eating procedure 
in the bed nucleus of the stria terminalis (BNST)
A single 15 min period of frustrative-nonreward stress increased the numbers of cells 

expressing phosphorylated extracellular signal-regulated kinases (pERK), a marker of 

neuronal activation, in the brains of ovariectomized (OVX) female rats with a history of 

intermittent food restriction that received OIL treatment, but not in non-restricted rats or 

food-restricted rats that were treated with E2 (Experiment 4). A, dorsal BNST; B, ventral 

BNST. In each panel, mean ± SEM numbers of pERK-positive nuclei are shown on left and 

a representative photomicrographs are shown on the right. . The light area at the top of the 

ventral BNST photomicrograph from a food-restricted and stressed OIL rat is the anterior 

commissure; it is not visible in the other sections due to the lack of pERK staining and low 

background (the vental BNST was localized using landmarks visible in lower-power 

images). *Different from non-restricted/non-stressed group, p<0.05, **p<0.01; #Different 

from OIL group, p<0.05, ##p<0.01; n= 6–7 per group.
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