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ABSTRACT 
 

 
 

 Activity-based anorexia (ABA) in an animal model of anorexia nervosa, in which rats are 

allowed free access to running wheels but only 2 h food access per day.  Rats exposed to this 

paradigm display symptoms similar to those seen in anorexic women.  These include decreased 

food intake, increased activity, rapid body weight loss, and estrous cycle disruptions.  Despite 

that anorexia nervosa is more frequent in women than in men, ABA has been studied almost 

exclusively in male rats.  In Experiment 1, development of, and recovery from, ABA was 

characterized in female rats with and without access to running wheels. Food intake, wheel 

running, body weight and phase of the estrous cycle were monitored daily prior to, during, and 

after a period of restricted feeding in which access to food was limited to 2 h/day.  This study 

confirmed that access to wheels is necessary for the development of ABA in female rats, and 

that pre-adaptation to the wheels may accelerate the weight loss associated with ABA.  

Following food restriction, recovery of body weight was closely associated with resumption of 

estrous cycles.  Despite pronounced hyperphagia during the recovery phase, rats displayed 

estrous-related decreases in food intake.  These findings suggest that satiogenic signals that 

decrease food intake during estrus override the orexigenic signals that stimulate appetite 

following weight loss. 

 

Studies in humans suggest that the serotonergic system is involved in the etiology of 

anorexia nervosa.  In Experiment 2, the effects of fenfluramine, a serotonin agonist, on the 

development of ABA was examined in female rats.  Food intake, wheel running, body weight 

and phase of the estrous cycle were monitored daily prior to, during, and after a period of 

restricted feeding in which access to food was limited to 2 h/day.  During the restricted feeding 

period, rats were i.p. injected with 0.50 mg/kg fenfluramine or saline daily.  In addition, 

development of ABA in a saline-injected group that was pair-fed to the fenfluramine-injected 

group was examined.  Fenfluramine treatment increased the development of ABA; rats treated 

with fenfluramine lost weight more rapidly, and displayed greater disruptions in estrous cyclicity, 

than control rats.  Interestingly, a reduction in food intake, similar to that observed in 

fenfluramine-treated rats, failed to increase the development of ABA in pair-fed rats.  This 

finding suggests that elevated serotonergic activity, rather than a suppression of food intake, is 

the critical factor that increased the development of ABA in this experiment.  The mechanism 

underlying this effect is unknown; however, it is possible that the serotonergic system interacts 



 

 

with other systems involved in the control of food intake, such as neuropeptide Y(NPY), to 

increase susceptibility to ABA.  Further research is necessary to determine how hypothalamic 

NPY concentration changes in response to fenfluramine treatment in rats with ABA. 
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INTRODUCTION 

 
 

Anorexia nervosa is a debilitating eating disorder characterized by hypophagia, body 

weight loss, amenorrhea, and an intense fear of weight gain (5). To maintain low body weight, 

anorexic patients often engage in high levels of exercise and abuse laxatives, diuretics, and 

enemas (5). This eating disorder is associated with high rates of depression, perfectionism, and 

obsessive behavior, and it has the highest mortality rate of all psychological disorders (5). 

Anorexia nervosa affects both men and women, but is more frequent in women. Although much 

research implicates socio-cultural and psychological factors in the etiology of anorexia nervosa 

(for a review, see (92)), scientists are beginning to examine biological factors that may increase 

an individual�s susceptibility to anorexia, and that may contribute to the physiological changes 

associated with low body adiposity.   

 

Activity-Based Anorexia, An Animal Model of Anorexia Nervosa 

 

When rats are placed on a restricted-feeding schedule and given free access to running 

wheels they display high rates of wheel running despite a reduction in daily caloric intake. 

Together, these behavioral changes induce significant weight loss. This phenomenon, which 

was first described over 40 years ago (85), has been called activity-based anorexia (ABA) 

because it models several symptoms of anorexia nervosa including caloric restriction, high 

levels of exercise, and low body adiposity (39). Despite that anorexia nervosa is considerably 

more prevalent in women than men (e.g., (5;92;96)) the majority of animal studies investigating 

ABA have used male rats.   

 

In this model, food restriction is typically terminated after a 20-25% weight loss, which 

usually occurs within 5 � 16 days of restricted feeding (7;10;14;17;29;33;57;69;70). It is 

interesting that there is considerable variability in weight loss both between and within individual 

studies. The variability in the rate of weight loss between studies appears to be largely 

determined by the rat�s body weight at the onset of food restriction; heavier rats with greater 

adiposity lose weight more slowly than leaner rats (14).  The variability in the rate of weight loss 

within individual studies may be related to differences in energy balance on the day in which the 

restricted-feeding schedule is introduced. This is particularly relevant for studies involving 

female rats because energy balance is known to fluctuate across the estrous cycle 
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(6;12;34;37;87). It is well established that female rats decrease food intake by 15 � 40% 

(12;30;34;36) and increase activity by 40 � 60% (37;41;86;94) during estrus, compared to non-

estrous phases (i.e., diestrus 1, diestrus 2, proestrus).  In adult rats, these behavioral changes 

produce a transient decrease in energy balance during estrus (37;91). Despite that such 

differences could influence susceptibility to ABA, previous studies involving female rats have not 

systematically controlled for phase of the estrous cycle at the onset of food restriction.  

 

Rats with ABA engage in high levels of wheel running for several hours prior to food 

access (e.g., (1;10)). This anticipatory activity appears necessary for the development of ABA. 

For example, rats with access to wheels for only 4 h prior to feeding developed ABA whereas 

rats with wheels for 18.5 h, but denied access for 4 h prior to feeding, did not (33). Although 

access to a wheel is an important factor in the development of ABA, adaptation to a wheel prior 

to the onset of food restriction has not been sufficiently examined. Only two studies have 

provided wheel access to female rats prior to food restriction but it was limited to 1.5 or 2 h per 

day (13;17). The effect of this manipulation is difficult to determine since, in both studies, wheel 

access was brief and activity during these intervals was not reported. The role of activity in the 

development of ABA is an important issue that warrants further investigation since exercise is a 

risk factor for anorexia nervosa, particularly in young women (26), and wheel running has 

recently been shown to decrease appetite in free-fed male and female rats (65). It is possible, 

therefore, that providing free access to a wheel prior to food restriction might increase 

susceptibility to ABA, due to decreased appetite and/or increased wheel running.  

 

In many ways, the ABA paradigm is an appropriate symptomatic model of anorexia 

nervosa. Female rats with ABA display hyperactivity, rapid weight loss, and estrous cycle 

disruptions (93). Similar symptoms, including excessive exercise, profound weight loss, and 

amenorrhea are observed in women with anorexia nervosa.  Given these similarities, it is 

surprising that recovery from ABA has not been systematically examined, especially since the 

rate of relapse is high in patients recovering from anorexia nervosa (5;38).  

 

Serotonin and the Control of Food  

 

In addition to physical characteristics that influence the development of anorexia 

nervosa, other researchers have focused on its neurochemical bases. Recently, the 

serotonergic system has been implicated in the development and persistence of anorexia 
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nervosa in women (for a review, see (51)). This is not surprising given the compelling evidence 

that serotonin plays a role in the normal control of food intake. First, increased central nervous 

system (CNS) concentrations of serotonin, achieved by administering serotonin agonists like 

fenfluramine, decrease food intake (28;43;50;75), while decreased CNS concentrations of 

serotonin, achieved by administering serotonin antagonists like methysergide, increase food 

intake (23;42). Second, feeding induces the release of serotonin in the hypothalamus of rats, 

and elevated levels of hypothalamic serotonin are associated with meal termination  

(27;64;66;67;80;81). Third, brain regions implicated in the control of food intake are sensitive to 

changes in serotonin activity. In free-fed rats, fenfluramine-induced release of serotonin 

increases neuronal activity within the paraventricular nucleus of the hypothalamus, the central 

nucleus of the amygdala, and the nucleus of the solitary tract (49;59-61). Together, these data 

suggest that increased serotonin activity produces a satiety signal that participates in meal 

termination. 

 

Fenfluramine, a serotonin agonist that increases the release of serotonin from 

presynaptic neurons and inhibits serotonin re-uptake in the synaptic cleft, suppresses appetite 

and inhibits food intake in human- and animal-based studies (e.g., 

(16;19;22;25;43;46;75;89;90)). Recently, the gonadal hormone estradiol was found to increase 

the female rat�s sensitivity to fenfluramine-induced hypophagia (28;72). Thus, estradiol appears 

to interact with serotonin to control food intake in female rats. If a similar relationship exists in 

women, it might contribute to the higher incidence of anorexia nervosa in women compared to 

men, and that anorexia nervosa is often first diagnosed in young women shortly after puberty in 

conjunction with elevated estradiol secretion (5). Additional clinical and animal-based research 

is required to test this hypothesis directly.  

 

 

Serotonin and Anorexia Nervosa 

 

Three lines of evidence suggest that increased serotonergic activity precedes the 

development of anorexia nervosa in women. First, weight-restored anorexic women have 

increased cerebrospinal fluid concentrations of the serotonin metabolite, 5-hydroxyindoleacetic 

acid, compared to healthy weight women never diagnosed with an eating disorder (53). Second, 

weight-restored anorexic women have a higher tryptophan/large neutral amino acid ratio than 

control women, suggesting that they have greater tryptophan transport across the blood brain 
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barrier and thus a higher level of serotonin synthesis (52).  These persistent biological changes 

suggest that increased activity of the serotonergic system in anorexic women may be a pre-

existing trait, instead of a physiological change induced by caloric restriction and/or the reduced 

body adiposity that accompanies anorexia nervosa. Third, serotonin modulators have had some 

success in preventing relapse in weight-restored anorexic women (54). Because these agents 

decrease serotonin activity when administered chronically (56;83), the effect of these drugs 

suggest that increased serotonergic activity may contribute to the high rate of relapse observed 

in women with anorexia nervosa. However, the efficacy of serotonergic modulators during the 

course of anorexia nervosa remains unclear (51;54). Although these data suggest that 

increased serotonergic activity contributes to the development of anorexia nervosa, it is difficult 

to obtain such prospective data from young women who may develop this eating disorder in the 

future. Thus, the ABA model is a useful tool in examining the effects of the serotonergic system 

in anorexia nervosa.   

 

Purpose 

 

The goals of the present research were to characterize the development of, and 

recovery from, ABA in female rats (Experiment 1), and to determine whether fenfluramine 

treatment increases ABA in female rats (Experiment 2). 
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CHAPTER 1: GENERAL METHODS 

 

Animals and Housing   

 

Female Long-Evans rats (Charles River Breeding Laboratory, Raleigh, NC), weighing 

between 200�225 g, were housed individually in custom-designed, stainless-steel cages 

connected to Wahmann running wheels (35 cm in diameter). Ground rat chow (Purina 2001) 

was presented in spill-resistant food cups located in feeding niches that protruded from the 

cages. Removable stainless steel blockers, located in the opening of the feeding niches, were 

used to block the rats� access to the food cups during periods of restricted feeding. Water was 

presented in drip-resistant water bottles clipped to the cages. The testing room was maintained 

at 20 ± 2°C with a 12:12 h L:D cycle (dark onset = 1300 h). A white noise generator was run at 

moderate intensity to mask extraneous noise and a red incandescent bulb provided dim 

illumination during the dark phase.  All procedures were approved by the Florida State 

University Institutional Animal Care and Use Committee.   

 

Behavioral Measures, Body Weight, and Estrous Cycles 

 

Each day, between 0900 - 1000 h, food intake was monitored by weighing the food cups 

(± 0.1 g) and subtracting any spillage from the daily food intake measurement. Activity was 

monitored by dipole magnets that signaled the occurrence of wheel revolutions (± 0.5 

revolution). Also at this time, the rats� body weights were recorded (± 0.1 g) and vaginal 

mucosal samples were obtained. A cotton swab, moistened with physiological saline, was 

inserted into the vaginal canal and the resulting sample was transferred to a microscope slide, 

fixed with alcohol (Surgipath Cytology Spray, Richmond, IL), and examined under a light 

microscope at low magnification (10x). Phases of the estrous cycle were assigned using 

standard criteria (35;44;62). Diestrus 1 (also called metestrus) was characterized by leukocytes 

interspersed with occasional small clusters of non-nucleated cornified cells or leukocytes 

interspersed with nucleated epithelial cells. Diestrus 2 was characterized by leukocytes 

interspersed with nucleated epithelial cells. Proestrus was characterized by large clumps of 

round, nucleated epithelial cells, the absence of leukocytes, and occasional small clusters of 

cornified cells. Estrus was characterized by large clumps of non-nucleated, squamous cornified 

cells. Cycle phase labels were assigned to the 24-h period ending at the time of sampling. 

Accordingly, estrus included the 12-h dark period when female rats ovulate, and display 
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changes in sexual receptivity, locomotor activity, and food intake (i.e., behavioral estrus). At 

study onset of both experiments, all rats displayed regular, 4-day estrous cycles.  
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CHAPTER 2: EXPERIMENT 1 - DEVELOPMENT OF, AND RECOVERY 

FROM, ACTIVITY-BASED ANOREXIA IN FEMALE RATS 

 

The goal of this experiment was to characterize the development of, and recovery from, 

ABA in female rats housed with or without access to wheels. Food intake, wheel running, body 

weight, and phase of the estrous cycle were monitored daily prior to, during, and after a period 

of restricted feeding. Unlike previous studies, rats were adapted to the running wheels prior to 

food restriction to test the hypothesis that a high activity level would increase the development 

of ABA, compared to previous reports in the literature. Because the rate of relapse is high for 

anorexia nervosa (5;38), and the mechanism underlying this phenomenon is poorly understood, 

recovery from ABA was assessed. 

 

Methods 

 

Procedure 

 

Female rats were assigned to one of two groups such that food intake and body weight 

did not differ between groups at study onset. The experimental group was given access to 

running wheels (wheel group, n = 8), while the control group was prevented from entering the 

running wheels (no wheel group, n = 8). Following a 10-day adaptation period to the housing 

conditions, baseline measures of food intake, wheel running, and body weight were monitored 

in free-fed rats across one estrous cycle. Beginning on diestrus 1 of the following estrous cycle, 

daily access to food was restricted to 2 h during the dark phase (1400 � 1600 h). Food intake, 

wheel running, body weight, and phase of the estrous cycle were monitored until individual rats 

lost 25% of their mean baseline body weight or for 8 days, whichever occurred first.  Restricted 

feeding was limited to 8 days based on pilot data, which revealed low rates of weight loss in 

control rats without access to wheels. Upon reaching the 25% weight loss/8-day criterion, rats 

were given free access to food and recovery from activity-based anorexia was assessed by 

monitoring food intake, wheel running, body weight, and phase of the estrous cycle until 

individual rats displayed 2 consecutive estrous cycles. 

 

Data analyses   
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Data are presented as means ± SEM, except in Fig. 2. During baseline and recovery 

phases, changes in food intake and body weight were analyzed using two-factor ANOVAs, with 

wheel access as the between-subject variable and day as the within-subject variable. Changes 

in wheel running were analyzed using a repeated-measures ANOVA.  Tukey�s test was used to 

investigate differences between means following significant main or interactive ANOVA effects. 

During the restricted-feeding phase, individual rats reached the 25% weight loss/8-day criterion 

at different times (range = 4 - 8 days). To permit statistical analyses, data from each rat were 

averaged across days of the restriction phase. Suppression of average food intake and body 

weight, relative to average baseline values, was also determined. Changes in mean food intake 

and weight loss were analyzed using independent t-tests. Changes in mean activity between the 

baseline and restricted-feeding phases were analyzed using a dependent t-test. Estrous cycle 

disruption was quantified by the percentage of rats that became acyclic during restricted 

feeding. During the recovery phase, resumption of estrous cycles was determined by the 

latency, in days, for individual rats to go into estrus.   

 

Results 

 

Baseline phase   

 

Large behavioral changes were detected across the estrous cycles of free-fed rats. 

Access to wheels increased daily food intake during each phase of the estrous cycle, F(1,14) = 

19.39, p < 0.001; however, it did not affect the ovarian rhythm in food intake (Fig 1A). Rats with 

and without wheels displayed similar estrous-related decreases in food intake, F(3, 42) = 32.39, 

p < 0.001. Rats with wheels displayed an estrous-related increase in wheel running, F(3,21) = 

29.65, p < 0.001 (Fig. 1B). Access to wheels did not affect body weight. 

 

Restricted-feeding phase: induction of ABA   

 

The influence of food restriction and running wheel availability on daily food intake, 

activity, and body weight are depicted for 2 representative rats, matched for mean baseline 

levels of food intake and body weight (Fig. 2).  Throughout 8 days of food restriction, the rats 

displayed a comparable decrease in food intake (Fig. 2A).  The rat with a wheel displayed a 

daily increase in wheel running (Fig. 2B), a decrease in body weight (Fig. 2C), and a disruption 

in estrous cyclicity. In contrast, the rat without a wheel displayed a transient decrease in body 
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weight, limited to the first few days of food restriction (Fig. 2C), and continued to display regular 

4-day estrous cycles.  

 

Statistical analyses of group data, averaged across the food restriction phase, confirmed 

these observations. Although wheel access did not affect mean daily food intake, it promoted 

greater weight loss (Table 1). Rats with wheels reached the 25% weight loss criterion in 6.4 ± 

0.6 days (range = 4 � 8 days), whereas rats without wheels lost only 10% of their baseline body 

weight following 8 days of food restriction. Food restriction increased wheel running, compared 

to baseline (Table 1). Disruption of the estrous cycle, characterized by a failure to go into estrus 

and perpetual vaginal cytology indicative of diestrus, was observed in all rats with wheels. All 

rats without wheels continued to display regular 4-day estrous cycles and daily vaginal cytology 

appeared normal (Table 1).   

 

Free-feeding phase: recovery from ABA   

 

Initially, the effect of wheel access on daily food intake, wheel running, and weight gain 

were examined during the first 8 days following termination of the restricted-feeding schedule. 

During this period, daily food intake differed between rats with and without wheels, F(8,112) = 

2.76, p < 0.01 (Fig. 3A). Rats with wheels increased food intake over rats without wheels on all 

but the first day, and remained hyperphagic throughout the first 8 days of free feeding. Rats 

without wheels returned to baseline levels of food intake by the seventh day of free feeding. 

Wheel running was suppressed during the first 4 days of free feeding, F(8,63) = 4.13, p < 0.001 

(Fig. 3B). Recovery of body weight also differed between rats with and without wheels, F(8,112) 

= 11.20, p < 0.0001 (Fig. 3C). Rats without wheels recovered their modest 10% weight loss 

within the first day of free feeding, whereas rats with wheels returned to baseline body weight by 

day 4 of the recovery phase.  

 

Estrous cycles resumed after 5.3 ± 0.5 days of free feeding in rats with wheels, and 

behavioral data were collected for an additional 2 estrous cycles (8 days) in this group. To 

examine the influence of the estrous cycle on daily food intake and activity, data were cycle 

synchronized in rats with wheels and compared to the first 8 days of free feeding in rats without 

wheels as they continued to display 2 regular 4-day cycles during this period.   

 

During the first estrous cycle, daily food intake was influenced by an interactive effect of 
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wheel access and cycle phase, F(3,42) = 14.06, p < 0.0001 (Fig. 4A).  Rats with wheels 

increased food intake over rats without wheels during all phases except estrus. Despite 

displaying levels of food intake greater than baseline levels (i.e., hyperphagia), rats with wheels 

decreased food intake during estrus, compared to non-estrous phases. A similar estrous-related 

decrease in food intake was not observed in rats without wheels. During the second cycle, 

wheel access increased food intake during all phases, F(1,14) = 13.71, p < 0.01; however, both 

groups displayed a decrease in food intake during estrus, compared to non-estrous phases, 

F(3,42) = 25.43, p < 0.00001 (Fig. 4A).   

 

Wheel running was similar to baseline values and estrous-related increases in wheel 

running were observed during both cycles, in rats with wheels, F(3,21) = 15.78, p < 0.0001 and 

F(3,21) = 34.46, p < 0.00001, respectively (Fig. 4B).    

 

Discussion 

 

The goal of the present study was to characterize the development of, and recovery 

from, activity-based anorexia in female rats. The results confirmed that access to wheels is 

necessary for the rapid weight loss associated with ABA, and that pre-adaptation to running 

wheels may accelerate this effect. Recovery from ABA was associated with a brief decline in 

wheel running and hyperphagia that persisted for several days following restoration of body 

weight. This suggests that induction of ABA does not disrupt the expression of orexigenic 

signals triggered by weight loss. An unexpected finding was that this hyperphagia was observed 

only during non-estrous phases, suggesting that the satiogenic signals that decrease food 

intake during estrus override orexigenic signals that stimulate hyperphagia following significant 

weight loss. 

 

During baseline, free-fed rats with and without wheels displayed similar decreases in 

food intake during estrus. Although access to wheels did not influence the estrous-related 

decrease in food intake established in sedentary rats (12;30;34;36;37;41), it did increase daily 

food intake during all phases of the estrous cycle. While these findings are consistent with a 

previous study involving young rats that were tested, as in this study, during the dynamic phase 

of the growth curve (6), they conflict with another study involving older, heavier rats with stable 

body weight (37). Thus, the increase in energy expenditure associated with wheel running may 

induce a compensatory increase in food intake only in younger, actively growing female rats 
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where energy requirements are increased. In contrast to data in female rats, access to wheels 

decreased food intake and body weight in free-fed male rats (11;24;65). The cause of this sex 

difference is not known. One possibility is that sex differences in metabolic rate or partitioning of 

nutrients between lean and adipose tissue contribute to the differences in food intake between 

male and female rats given access to wheels.   

 

During food restriction, daily food intake was similar in rats with and without wheels. 

Despite this, only rats with wheels displayed rapid and profound weight loss. This finding is 

consistent with studies in male rats demonstrating that access to wheels is necessary for the 

development of ABA (10;33). In the present study, wheel running was significantly greater, and 

weight loss occurred more quickly, than in studies of male rats (33;73;74). While this may be 

related to higher rates of wheel running in female rats (24;65), it may also be related to adapting 

rats to the wheels prior to food restriction. In a study in which female rats were given access to 

wheels, for the first time, at the onset of food restriction, wheel running was significantly lower 

and weight loss occurred more slowly than in the present study (4). Thus, pre-adaptation to the 

wheels appears to increase the magnitude of wheel running expressed in food-restricted rats 

and likely contributed to the rapid weight loss observed here.  

 

During restricted feeding, estrous cycle disruptions were observed only in rats with 

wheels. Given that resumption of estrous cycles occurred upon recovery of body weight, it is 

likely that the disruption in estrous cyclicity is related to the profound weight loss observed in 

rats with wheels. Data in humans and rodents reveal that rapid weight loss is associated with 

loss of adipose tissue mass, rather than loss of lean tissue mass (45;55). Loss of body adiposity 

is associated with reduced secretion of leptin, an adipocyte-derived hormone that is secreted in 

proportion to body adiposity and is believed to play a role in reproductive function. For example, 

chronic leptin treatment reduced the latency to puberty in mice (2;21), prevented the delay in 

vaginal estrus induced by food deprivation in mice and hamsters (3;79), and corrected the 

infertility problems of ob/ob mice lacking endogenous leptin (9;20;98). Although plasma leptin 

concentration was not measured in rats with wheels, the rapid weight loss must have been 

associated with a significant decline in leptin. It is possible; therefore, that circulating leptin 

dropped to a level that does not support normal reproductive function in rats with wheels. An 

alternative explanation is that the disruption in estrous cyclicity may be related to the high 

activity levels observed in rats with wheels. There is mixed support for this hypothesis. While 

forced wheel running suppressed the pulsatile secretion of luteinizing hormone and delayed 
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pubertal development in young rats (63), voluntary wheel running facilitated estrous cyclicity in 

hamsters housed in a short-day, non-breeding environment (15). In addition, wheel running 

failed to disrupt the estrous cycles of free-fed rats, even when wheel running was twice that 

observed here (37). Further research is required to quantify the relationship between plasma 

leptin concentration, activity level, and estrous cyclicity in rats with ABA. 

 

Recovery from ABA was associated with pronounced hyperphagia that was maintained 

for several days after recovery of body weight. There is evidence that this may have been 

triggered by a decline in circulating leptin, resulting from loss of body adiposity during the 

restricted-feeding phase. First, leptin is believed to function as a lipostat in the control of energy 

balance. In rodents, reduced leptin secretion activates orexigenic signals that stimulate appetite 

and, concomitantly, suppresses satiogenic signals that inhibit appetite (95). Second, in a study 

of ABA, chronic leptin treatment prevented the increase in wheel running associated with 

restricted feeding in male rats (40). This suggests that the decline in leptin signaling associated 

with loss of body adiposity during food restriction triggers the excessive wheel running that is 

critical for the development of ABA. Unfortunately, food intake and body weight data were not 

presented in this study. Thus, it remains to be determined how the initial decline in leptin affects 

the balance of orexigenic and satiogenic signaling in food-restricted rats with and without 

access to running wheels. This represents the next critical step in advancing our understanding 

of the mechanism underlying the development of activity-based anorexia. 

 

Resumption of estrous cycles was associated with restoration of body weight during the 

recovery phase. When feeding and activity data were cycle-synchronized across rats (Fig. 4), 

estrous-related changes in food intake and activity emerged. Despite pronounced hyperphagia 

relative to baseline food intake (compare with Fig. 1), rats with wheels decreased food intake 

during estrus, compared to non-estrous phases. This suggests that the increase in estradiol 

secretion that precedes, and presumably accounts for, the estrous-related decrease in food 

intake may override the orexigenic signals that drive food-restriction induced hyperphagia.  

Elucidation of the interaction between estradiol and orexigenic signals is crucial to 

understanding the physiological mechanism underlying the development of, and recovery from, 

activity-based anorexia. 
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CHAPTER 3:  EXPERIMENT 2 - DOES FENFLURAMINE 

INCREASE SUSCEPTIBILITY TO ABA? 

 

The goal of this experiment was to investigate whether fenfluramine accelerates the 

development of ABA in female rats. During the period of food restriction, rats received daily 

injections of fenfluramine or vehicle and the development of, and recovery from, ABA was 

assessed. Based on human research suggesting that serotonin is involved in the etiology of 

anorexia nervosa (52-54), it was hypothesized that fenfluramine would increase the 

development of ABA in female rats. 

 

Method 

 

Procedure 

 

 Female rats were assigned to one of three groups such that food intake and body 

weight did not differ between groups at study onset. Following adaptation to the housing 

conditions, baseline measures of food intake, wheel running, and body weight were monitored 

in free-fed rats across one estrous cycle. Food restriction began on diestrus 1 of the following 

estrous cycle. During this period, rats received a daily i.p. injection of 0.50 mg/kg d-fenfluramine 

(Sigma, MA; FEN, n = 8) or 1 ml/kg saline vehicle (SAL, n = 8) 30 min prior to dark onset (1230 

h) and food was restricted to 2 h during the dark phase (1400 -1600 h). Because fenfluramine 

treatment was expected to reduce food intake, a pair-fed group (PAIR-FED, n = 8), matched for 

food intake in fenfluramine-treated rats, was included. In this control group, food was provided 

at 1400 h and rats were given free access to the food until they had consumed the same 

amount as their pair-fed control from the previous day (mean duration of food access = 2.2 ± 0.2 

h). Food intake, wheel running, body weight, and phase of the estrous cycle were monitored 

until individual rats lost 25% of their baseline body weight or for 8 days, whichever occurred first. 

Upon reaching the criterion, injections of saline and fenfluramine were terminated and rats were 

given free access to food. Recovery from ABA was assessed by monitoring food intake, wheel 

running, body weight and phase of the estrous cycle until individual rats displayed 1 complete 

estrous cycle.      

 

Statistical analysis   
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Data are presented as means ± SEM, except in Fig. 6B. Because individual rats reached 

the 25% weight loss/8-day criterion at different times, and the latency to recover weight loss and 

estrous cycles varied between rats, food intake, wheel running, weight gain/loss, and estrous 

cycle data from individual rats were averaged across each test phase (baseline, food restriction, 

and recovery). Initially, the effects of test phase on food intake and wheel running were 

examined using a one-way ANOVA. Then, group differences in food intake, wheel running, 

weight gain/loss, and estrous cyclicity were analyzed using oneway ANOVAs for each 

experimental test phase.  Tukey�s tests were used to investigate differences between groups 

following significant ANOVA effects. Estrous cycle disruption was quantified by the percentage 

of rats that became acyclic during restricted feeding. Group differences in this response were 

evaluated using chi-squared analyses.   

 

Results 

 

Baseline phase   

 

Prior to food restriction, no significant differences in food intake or wheel running were 

detected between groups, F(2,21) = 0.72 and 0.67 respectively, n.s. (Fig. 5). Throughout 

baseline, body weight did not significantly differ between groups, F(2,21) = 0.42, n.s. (data not 

shown), and all rats displayed 4-day estrous cycles.   

 

Restricted-feeding phase: induction of ABA   

 

Food intake and wheel running varied between the baseline and restricted-feeding 

phase, F(2,69) = 247.21 and 16.31 respectively, ps < 0.01.  Introduction of the restricted-feeding 

schedule decreased food intake and increased wheel running in all rats, relative to the baseline 

phase (ps < 0.01). During restricted feeding, group differences in food intake were detected, 

F(2,21) = 4.72, p < 0.05 (Fig. 5A). Fenfluramine-treated and pair-fed rats consumed less food 

than saline-treated rats (p < 0.05). Food intake did not differ between fenfluramine-treated and 

pair-fed rats (Fig. 5A). During restricted feeding, no group differences in wheel running were 

detected, F(2,21) = 0.85, n.s. (Fig. 5B).  
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The restricted-feeding schedule was terminated when individual rats lost 25% of their 

baseline body weight, or after 8 days, whichever came first. All of the fenfluramine-treated rats 

reached the 25% weight loss criterion within 8 days of food restriction. Only 7 of the pair-fed rats 

and 6 of the saline-treated rats reached the weight loss criterion within 8 days. Group 

differences in the latency to this refeeding criterion were detected, F(2,21) = 5.09, p < 0.01. 

Fenfluramine-treated rats lost weight more quickly than pair-fed and saline-treated rats (p < 

0.05), Fig. 6A.  

 

Disruption of the estrous cycle, characterized by a failure to go into estrus and perpetual 

vaginal cytology indicative of diestrus, differed between groups, χ2 = 7.72, p < 0.025 (Fig. 6B). 

Additional comparisons between groups revealed greater estrous cycle disruptions in 

fenfluramine-treated and pair-fed rats compared to saline-treated rats (ps < 0.05), Fig. 6B.  

 

Free-feeding phase: recovery from ABA   

 

Food intake differed between the baseline and free-feeding phase (p < 0.01).  

Termination of the restricted-feeding schedule increased food intake in all rats, compared to the 

baseline phase (p < 0.01, Fig. 5A). Wheel running was comparable to baseline levels during 

refeeding for all rats.  No significant group differences in food intake or wheel running were 

detected, F(2,21) = 0.06 and 0.10, n.s. (Fig 5B).  

 

For all groups, recovery of weight loss was closely associated with resumption of estrous 

cycles (Fig. 7). No significant group differences in the latency to recover body weight or restore 

estrous cycles were detected, F(2,21) = 0.45 and 0.91 respectively, n.s. (Fig. 7). 

     

Discussion 

 

 Several studies suggest that the serotonergic system is involved in the etiology of 

anorexia nervosa (52-54). The goal of the present study was to determine whether increased 

serotonergic activity increases the development of ABA. During food restriction, female rats 

were injected daily with fenfluramine, a serotonin agonist that increases the release of serotonin 

from presynaptic neurons and inhibits its re-uptake from the synaptic cleft (61). Because 

fenfluramine reduces food intake in free-fed rats, a pair-fed group, which consumed the same 

amount of food as fenfluramine-treated rats, was included to dissociate the effects of decreased 
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food intake and drug treatment on the development of ABA. Fenfluramine-treated rats 

developed ABA more rapidly than saline-treated and pair-fed control rats; they lost weight faster 

and displayed more estrous cycle disruptions. This finding suggests that it was the drug 

treatment, which presumably increased serotonergic activity, rather than the decrease in food 

intake that accompanies fenfluramine treatment, that increased the development of ABA.  

 

During food restriction, a significant decrease in food intake was observed in 

fenfluramine-treated rats compared to saline-treated rats. This result extends previous studies in 

free-fed rats (25;28;75;89) by demonstrating that food restriction does not abolish fenfluramine�s 

ability to suppress appetite. Thus, fenfluramine appears to generate a potent satiety signal that 

is not abolished in hungry rats with limited access to food. 

 

 Consistent with Experiment 1 and previous studies of ABA (10;57;93), the restricted-

feeding schedule increased wheel running in all rats. Although fenfluramine treatment has been 

shown to decrease wheel running in free-fed rats (8;28), it did not decrease wheel running here. 

There are several theories that attempt to explain the excessive wheel running observed in 

ABA. Excessive running may be the result of increased dopamine activity (58), a frustration 

response due to the lack of available food (88), a forging response to find food (84), or an 

attempt to thermoregulate (68). My findings suggest that these reasons for increased activity 

override fenfluramine�s ability to decrease wheel running during food restriction. An alternative 

explanation is that the suppressive effects of fenfluramine on activity may have been minimal 

during the period when wheel running is maximal in studies of ABA (i.e., during the 4 h prior to 

food access). In free-fed rats, a single injection of fenfluramine suppressed activity for ~ 12 h 

(28). Accordingly, the effects of fenfluramine in the present study may have been minimal during 

the first part of the 4 h period prior to food access.  It is also possible that the number of rats 

used in this study did not provide for sufficient power to reveal an effect.  Further studies using 

more subjects may be needed to determine if fenfluramine treatment decreases wheel running 

during food restriction. 

 

 Fenfluramine-treated rats lost weight faster than saline-treated rats.  This result cannot 

be due to the appetite suppressive effect of fenfluramine alone because pair-fed rats, which also 

displayed a reduction in food intake similar to fenfluramine-treated rats during food restriction, 

lost weight at the same rate as saline-treated rats. Thus, some other action of fenfluramine 

treatment, presumably its ability to increase serotonergic activity, increased the rate at which 
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rats lost weight. A potential mechanism for this is the interaction between the serotonergic 

system and other systems involved in the control of food intake.  One possibility is neuropeptide 

Y (NPY), an orexigenic peptide that is involved in energy homeostasis. Several lines of 

evidence suggest that serotonin and NPY interact to influence energy balance. First, both 

neurotransmitters are abundant in the hypothalamus, a brain region important in the control of 

food intake (18;47;78). Second, secretion of both neurotransmitters is altered by food restriction.  

NPY concentrations increase during food restriction (32) whereas serotonin concentrations 

decrease (48).  Third, central injection of a serotonin agonist reduced the concentration of NPY 

in the hypothalamus of food-restricted rats (32); similar injection of a serotonin antagonist 

increased the concentration of NPY in the hypothalamus (31).  Conversely, central injection of 

NPY decreased serotonin concentration in the rat hypothalamus (82). In the present 

experiment, it is possible that fenfluramine treatment blunted the increased secretion of NPY 

that is typically associated with starvation by increasing serotonergic activity or by preventing 

the decline in serotonergic activity that is associated with food restriction and weight loss.  

Further research is required to determine the relationship between hypothalamic serotonin and 

NPY concentrations in rats with ABA. 

 

 A previous report in male rats demonstrated that fenfluramine treatment, concurrent with 

food restriction, accelerated the development of ABA (70). As in the present study, fenfluramine 

decreased food intake during the period of restricted feeding and increased the rate of weight 

loss in male rats (70). Because a pair-fed control group was not included, it is difficult to 

interpret the significance of this study. Here, the inclusion of such a group ruled out the 

possibility that a reduction in food intake was the major factor that accelerated the development 

of ABA.  It is also interesting that, in the previous study, a ten-fold increase in the dose of 

fenfluramine was required to accelerate the development of ABA in male rats, compared to the 

dose used in the present study. This finding is consistent with data in free-fed rats suggesting 

that sensitivity to fenfluramine is greater in females than in males (71). 

 

 Estrous cycle disruptions during restricted feeding were more prevalent in fenfluramine-

treated and pair-fed rats, compared to saline-treated rats. In fenfluramine-treated rats, this 

finding may be due to lower hypothalamic NPY concentration that is associated with increased 

serotonergic activity. Because NPY is thought to regulate the leutenzing hormone surge that 

occurs during proestrus (77;97), it is possible that decreased NPY concentration may lead to 

estrous cycle disruptions. However, reduced NPY concentration cannot account for the estrous 
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cycle disruptions observed in pair-fed rats since food restriction presumably increased the 

secretion of NPY in this group.  Rather, it is likely a direct consequence of the low body 

adiposity associated with reduced food intake during food restriction, as discussed in 

Experiment 1.   

 

 Recovery from ABA was associated with pronounced hyperphagia in all groups.  This 

hyperphagia resulted in rapid weight gain in all rats.  Unlike Experiment 1, hypoactivity was not 

observed during refeeding.  However, a transient decrease in wheel running was observed on 

the first days of refeeding.  Further experiments are necessary to determine what factors affect 

the duration of hypoactivity following food restriction.  Since weight loss during food restriction 

was similar in all rats, it is not surprising that food intake, activity, recovery of body weight, and 

resumption of estrous cycles did not differ significantly between groups. Thus, it appears as if 

fenfluramine treatment, concurrent with food restriction, did not interfere with recovery from 

ABA. This finding is consistent with the 2 � 4 h pharmacological half-life of fenfluramine (76) and 

behavioral studies demonstrating that fenflluramine-induced hypophagia and hypoactivity 

persisted for ~ 12 h (28).   
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CONCLUSION 

 

 

Despite that anorexia nervosa is more prominent in women than in men, ABA has been 

studied almost exclusively in male rats.  In Experiment 1, development of, and recovery from, 

ABA was characterized in female rats with and without wheels.  This study confirmed that 

access to wheels is necessary for the development of ABA in female rats, and that pre-

adaptation to the wheels accelerates the weight loss associated with ABA.  Following food 

restriction, recovery of body weight was closely associated with resumption of estrous cycles.  

Despite pronounced hyperphagia during the recovery phase, rats displayed estrous-related 

decreases in food intake.  These findings suggest that leptin is involved in the loss and 

resumption of estrous cycling in rats with ABA, and that satiogenic signals that decrease food 

intake during estrus override the orexigenic signals that stimulate appetite following weight loss.  

Further research is required to determine how exposure to the ABA paradigm affects leptin 

concentration. 

 

Studies in humans suggest that the serotonergic system is involved in the etiology of 

anorexia nervosa.  In Experiment 2, treatment with fenfluramine, a serotonin agonist, increased 

the development of ABA in female rats.  Interestingly, a reduction in food intake, similar to that 

observed in fenfluramine-treated rats, failed to increase the development of ABA in pair-fed rats.  

This finding suggests that elevated serotonergic activity, rather than a suppression of food 

intake, is the critical factor that increased the development of ABA in this experiment.  The 

mechanism underlying this effect is unknown; however, it is possible that the serotonergic 

system interacts with other systems involved in the control of food intake, such as NPY, to 

increase susceptibility to ABA.  Further research is necessary to determine how NPY 

concentrations change in response to fenfluramine treatment in rats with ABA. 

 

Future directions 

 

I plan on exploring several different aspects of the ABA paradigm for my doctoral 

dissertation. I will try to identify brain regions involved in ABA by using c-fos 

immunohistochemisty to determine how neuronal activation in feeding circuits differs in rats with 

and without ABA.  I also plan on further investigating the influence of the serotonergic system on 
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ABA. I will examine which serotonin receptor subtypes are involved in ABA by using site-specific 

injections of serotonin receptor agonists and antagonists. I will also use microdialysis and high 

performance liquid chromatography to study the release of serotonin prior to, during, and after 

ABA. 
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Table 1.   Influence of running wheel access on food intake, weight loss, activity, and estrous 
cyclicity during the restricted-feeding phase. 
____________________________________________________________________________ 

             Rats with wheels  Rats without wheels  

____________________________________________________________________________ 

Daily food intake (g)                         8.2 ± 0.9             7.9 ± 0.2 

Food intake suppression (% of baseline)     62.7 ± 4.25           55.1 ± 1.2 

Total body weight loss (g)       54.2 ± 4.3a           21.3 ± 2.8 

Body weight suppression (% of baseline)     24.1 ± 2.3b           10.0 ± 1.1 

Daily activity (rev)                  8186 ± 739c                 ----- 

Increase in activity (% over baseline)           23.6                 ----- 

Disruption in estrous cyclicity (%)           100                    0 

____________________________________________________________________________ 

Data are means ± SE (n = 8 per group).  aRats with wheels lost more weight than rats 
without wheels, t(14) = 6.35, p < 0.0001.  bSuppression of body weight, expressed as a 

percentage of mean baseline values, was greater in rats with wheels than rats without wheels, 
t(14) = 5.52, p < 0.0001.  cFood restriction increased mean daily activity, compared to mean 
baseline values (6621 ± 691), t(7) = 2.92, p < 0.05. 
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Fig. 1. Estrous-related changes in food intake and wheel running
in free-fed female rats.  (A) Rats with and without wheels displayed 
comparable decreases in food intake during estrus, compared to 
non-estrous phases. Although access to wheels did not alter the 
estrous-related decrease in food intake, it did increase daily food intake 
during each phase of the estrous cycle. (B) Rats with wheels increased
wheel running during estrus, compared to non-estrous phases.  
Data are means + SE. *Significantly greater than rats without wheels,

p < 0.001.  +Significantly different than non-estrous phases, p < 0.01.  
Abbreviations: in all figures, D1 = diestrus; D2 = diestrus 2; P = proestrus; 
E = estrus; rev = revolutions.
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intake was increased over baseline (BL) levels in rats with and without wheels
(B) Wheel running was suppressed during the first 4 days of free feeding.
(C) Recovery of body weight occurred during the first day of free feeding in
rats without wheels and during the fourth day of free feeding in rats with
with wheels.  Both groups increased body weight, compared to BL, by the
sixth day of free feeding.  Data are means + SE.  *Significantly greater

than rats without wheels, p < 0.01. +Significantly different than BL, p < 0.01.

Fig. 2. Changes in daily food intake, wheel running, and body weight
during 8 days of restricted feeding in one rat with, and one rat without,
access to a wheel.  (A)  Rats displayed a comparable decrease in food
intake, compared to mean baseline (BL) levels.  (B) Daily wheel
running increased compared to BL. (C) Wheel availablity increased
weight loss.
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Fig. 3. Changes in daily food intake, wheel running, and body weight during
the first 8 days of free feeding following food restriction. (A) Daily food
intake was increased over baseline (BL) levels in rats with and without wheels
(B) Wheel running was suppressed during the first 4 days of free feeding.
(C) Recovery of body weight occurred during the first day of free feeding in
rats without wheels and during the fourth day of free feeding in rats with
with wheels.  Both groups increased body weight, compared to BL, by the
sixth day of free feeding.  Data are means + SE.  *Significantly greater

than rats without wheels, p < 0.01. +Significantly different than BL, p < 0.01.



 

25 

Fig. 4. Estrous-related changes in daily food intake and wheel running
following food restriction.  (A) Despite pronounced hyperphagia, rats
with wheels decreased food intake during estrus, compared to non-
estrous phases.  (B) Activity increased during estrus, compared to non-
estrous phases in rats with wheels.  Data are means + SE. *Significanty 

greater than rats without wheels, p < 0.01.  +Significantly different than 
non-estrous phases, p < 0.01.
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