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ABSTRACT 

 

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

given free access to running wheels but restricted access to food.  This combination of food 

restriction and wheel availability results in rapid and sustained weight loss, and many of the 

symptoms of anorexia nervosa including reduced caloric intake, increased activity, and ovarian 

cycle disruptions.  The ABA model has been used to examine biological factors that may 

contribute to the development of anorexia nervosa.  In this dissertation, the role of the serotonin 

(5-HT) system in the development of ABA was examined in female rats.   

The neurotransmitter 5-HT plays a physiological role in the control of food intake and 

has been implicated in the development of anorexia nervosa in women.  Thus, in Experiment 1, 

susceptibility to ABA was examined in rats treated with either 8-OH-DPAT, a drug that reduces 

5-HT neurotransmission, or saline vehicle.  In this and subsequent experiments, rats were given 

free access to running wheels, and food was restricted to 2 h per day.  Daily injections of either 

8-OH-DPAT or saline were administered 40 min prior to food access.  8-OH-DPAT treatment 

decreased wheel running and resulted in reduced weight loss, relative to saline treatment.  These 

results suggest that decreased 5-HT activity reduces susceptibility to ABA.  Because activation 

of the 5-HT2C receptor decreases food intake and body weight in free-fed rats, in Experiment 2 

we determined whether antagonism of the 5-HT2C receptor decreased susceptibility to ABA.  

Female rats were subjected to the ABA paradigm as in Experiment 1 and treated daily with either 

RS-102221, a selective 5-HT2C receptor antagonist, or saline vehicle 40 min prior to food access.  

RS-102221 and saline treatment reduced food intake and increased wheel running similarly.  

However, RS-102221-treated rats lost weight slower than saline-treated rats.  These results 

suggest that antagonism of the 5-HT2C receptor decreases susceptibility to ABA.  Because food 

intake and wheel running were not affected by RS-102221, some other mechanism, such as a 

change in thermoregulation or altered metabolic function, must mediate these results.  In 

Experiment 3, neuronal activation in response to fenfluramine, a 5-HT agonist, was examined in 

rats with ABA.  Female rats were subjected to the ABA paradigm and allowed to lose either 0, 
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10, or 25% of their baseline body weight.  After reaching the weight loss criterion, rats were 

injected with either 5.0 mg/kg fenfluramine or saline vehicle.  Two h later, rats were perfused 

and brain tissue was collected and processed for c-Fos-like immunoreactivity, a well-

characterized marker of neuronal activation.  Weight loss interacted with fenfluramine treatment 

to increase c-Fos expression in the nucleus of the solitary tract.  Weight loss alone functioned to 

increased c-Fos expression in the arcuate nucleus, and fenfluramine treatment alone increased c-

Fos expression in the central nucleus of the amygdala.  These results suggest that brain regions 

important in the control of food intake are affected by exposure to the ABA paradigm.  Taken 

together, these data suggest that 5-HT plays an important role in the development of ABA. 
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CHAPTER 1 

 

 GENERAL INTRODUCTION 

 

 

1. Introduction 

Anorexia nervosa is a debilitating eating disorder that affects primarily young women 

during the adolescent or early adult years.  The disorder is characterized by a refusal to maintain 

a healthy body weight, an intense fear of becoming overweight, a distorted body image, chronic 

caloric restriction, hyperactivity, and amenorrhea (American Psychiatric Association, 1994). 

Anorexia nervosa represents a growing concern in today’s society because of its increasing 

prevalence, resistance to treatment, and high rates of relapse.  Although it is well established that 

environmental and social factors play crucial roles in the development of anorexia nervosa 

(Klein and Walsh, 2004b), there is a growing interest in identifying physiological disturbances 

that precipitate the development or contribute to the maintenance of anorexia nervosa.  Because 

prospective studies of biological risk factors for anorexia nervosa are difficult to conduct in 

humans, researchers have developed several animal models of anorexia nervosa that permit 

biological and environmental manipulations that are not possible in humans.  

One well characterized genetic model of anorexia nervosa is produced by an autosomal 

recessive mutation involving the anx gene on mouse chromosome 2. The phenotype of the 

anx/anx mouse is characterized by reduced appetite and stunted growth beginning around 

postnatal day 5.  Additional abnormal behaviors include head weaving, body tremors, and 

hyperactivity (Maltais et al., 1984).  This model has been particularly useful in identifying 

changes in brain neurochemistry that are associated with self-starvation. Current research 

suggests that the hypophagia of the anx/anx mouse is related to multiple peptide and 

neurotransmitter abnormalities in the arcuate nucleus, a brain region implicated in the control of 

food intake (Johansen et al., 2003). The main disadvantage of this model is that the anx/anx 

mouse dies at the age of 3 to 5 weeks, either prior to or coincident with puberty. This precludes 

characterization of this phenotype in the adult mouse.   
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There are several environmental manipulations that can also induce anorexic symptoms 

in rodents.  One model involves chronic dehydration. Rats with limited access to water but free 

access to running wheels lose more weight than similarly water-restricted rats without access to 

running wheels (Rieg et al., 1993).  One advantage of this model is that rats lose weight while 

still having free access to food.  However, dehydration-induced anorexia does not fully model 

the human condition because anorexic women do not necessarily display a decrease in fluid 

intake (Lowinger et al., 1999). Other environmental models of anorexia involve exposing rats to 

chronic restraint stress (Harris et al., 1998; Harris et al., 2002) or maintaining rats on a zinc-

deficient diet (Evans et al., 2004). Although these models are often successful in inducing 

hypophagia and substantial weight loss, unlike women with anorexia nervosa, they often either 

decrease or do not affect the animal’s activity level (Faraday, 2004; Evans et al., 2004).  This is 

problematic as emerging evidence suggests that hyperactivity is a primary feature of anorexia 

nervosa (Klein et al., 2004b; Klein et al., 2004a).  Our discussion of the aforementioned animal 

models of anorexia is brief, as these models have recently been reviewed in detail elsewhere 

(Siegfried et al., 2003). 

When rats are maintained on a restricted-feeding schedule, while given the opportunity to 

exercise in running wheels, they exhibit reduced caloric intake, hyperactivity, and rapid weight 

loss (Spear and Hill, 1962; Routtenberg and Kuznesof, 1967).  In addition, females display a loss 

of ovarian reproductive function (Watanabe et al., 1992; Dixon et al., 2003).  This syndrome, 

called activity-based anorexia (ABA), has been used extensively to investigate biological factors 

that promote or maintain anorexia nervosa (e.g., (Altemus et al., 1996; Atchley and Eckel, 2005; 

Exner et al., 2000; Hillebrand et al., 2003)).  Two important clinical features of this animal 

model of anorexia include the excessive energy (locomotor) expenditure and the cessation of 

regular estrous cycles.  We base this statement on a recent review of the human literature which 

reveals that many, if not all, anorexics use exercise as a means to maintain or promote weight 

loss (Klein et al., 2004b; Klein et al., 2004a), and that amenorrhea is required for the clinical 

diagnosis of anorexia nervosa (American Psychiatric Association, 1994).  The purpose of this 

review is to examine environmental and biological factors that affect the development of ABA as 

well as the neurobiological changes that result from exposure to the paradigm. 

2. The activity-based anorexia (ABA) model 
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Rats with ABA elicit many of the symptoms of anorexia nervosa, including reduced 

caloric intake, hyperactivity, rapid and progressive weight loss, and cessation of regular estrous 

cycles.  To produce these symptoms, rats are individually housed in cages that provide access to 

running wheels and then placed on a restricted-feeding schedule consisting of 1-2 h access to 

food per day.  When exposed to these conditions, rats display a decrease in food intake and an 

increase in running wheel activity (Burden et al., 1993; Altemus et al., 1996; Dixon et al., 2003).  

Together, these behavioral changes induce a negative energy balance that promotes rapid weight 

loss and cessation of the estrous cycle in female rats (Watanabe et al., 1992; Dixon et al., 2003).  

Because the weight loss is progressive in this model, food restriction is often terminated when 

rats have lost 25% of their initial, ad libitum-fed body weight.  This degree of weight loss occurs 

within 5 – 16 days of restricted feeding (Boakes et al., 1999; Dwyer and Boakes, 1997; Aravich 

et al., 1995; Beneke et al., 1995; Rieg and Aravich, 1994a; Rieg et al., 1994b; Burden et al., 

1993; Lambert and Kinsley, 1993; Doerries et al., 1991; Dixon et al., 2003).   

Access to a running wheel is crucial for the development of ABA (Dixon et al., 2003).  

Limiting a rat’s daily food access to 2 h, in the absence of wheels, produces about a 10% 

reduction in body weight within 1-2 days. This lowered body weight is then defended.  In 

contrast, a similarly food-restricted rat with access to a running wheel displays progressive 

weight loss that typically culminates in starvation if the rat is maintained on the restricted-

feeding schedule (Fig. 1).  Interestingly, daily food intake throughout the period of restricted 

food access is similar between rats with and without access to wheels (~ 8 g in 2 h in our 

studies). Thus, the greater weight loss of rats with access to running wheels is attributed to the 

increase in wheel running, relative to that observed under ad libitum feeding (Fig. 2).  That is, 

despite being in a negative energy balance, rats with access to running wheels typically increase 

their running wheel activity during each successive day of food restriction (Dixon et al., 2003; 

Boakes and Juraskova, 2001; Lett et al., 2001; Dwyer et al., 1997).  This induces the progressive 

weight loss and disruptions in estrous cyclicity that define the development of ABA. 

 Because this model promotes many symptoms of anorexia nervosa, it offers greater 

utility over other models in assessing how specific environmental or biological manipulations 

influence the development and maintenance of anorexic symptoms.  Thus, it is important to 

determine how susceptibility to ABA is defined in these experiments.  In general terms, 

development of ABA occurs when a rat can no longer regulate its body weight.  In the majority 
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of studies, this dysregulation in energy balance is measured by the latency to reach a 25% body 

weight loss criterion or, less commonly, by the number of rats that have survived after a preset 

number of days in the paradigm.  Additional factors used to assess susceptibility to ABA include 

changes in running wheel activity and food intake relative to that observed during ad libitum fed 

conditions, and the cessation of regular estrous cycles.  By including these additional measures, 

the effects of any biological or environmental manipulation can be determined more accurately.   

3. Environmental and subject factors that influence ABA 

 Because the ABA model is a stress-inducing model, several different environmental 

factors that influence stress levels in rats can affect the development of ABA.  In addition, since 

the regulation of body weight depends upon proper regulation of energy intake (i.e., food intake) 

and energy expenditure (i.e., running wheel activity, heat production, etc), factors that affect 

these homeostatic processes can also influence the development of ABA.   

3.1 Running wheel access 

Several aspects of running wheel access affect the development of ABA. In particular, 

the duration of wheel access plays an important role.  Rats allowed wheel access for 18 or 22 

h/day lost more weight than rats allowed wheel access for shorter periods (Oudot et al., 1996).  

Running directly prior to the meal, often called anticipatory running, also appears to be critical 

for the development of ABA.  When rats are allowed access to a wheel for 18.5 h/day, but denied 

access for the 4 h prior to food access, they did not develop ABA.  Interestingly, rats allowed 

access to a wheel only for the 4 h period directly before the meal did develop ABA (Dwyer et al., 

1997). In addition, increased running during the light phase, the rats’ inactive phase, contributes 

to the weight loss associated with ABA, as survival in the ABA paradigm is increased by 

reducing light phase running via administration of a dopamine type 2 receptor antagonist 

(Lambert and Porter, 1992). Finally, pre-adaptation to running wheels prior to introduction of the 

restricted-feeding schedule accelerates the development of ABA (Boakes and Dwyer, 1997; 

Dixon et al., 2003). 

3.2 Feeding schedule and ambient temperature 

 The development of ABA is influenced by the duration and timing of food access.  As 

one would expect, susceptibility to ABA decreases as a function of increasing food access.  

When food access is greater than 3 h, symptoms of ABA do not develop (Watanabe et al., 1992).  

Susceptibility to ABA also decreases as the number of daily feeding sessions is increased.  Rats 
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provided with frequent but short periods of food access lost less weight than rats provided with 

one longer period of food access (Blundell et al., 2003).  In many studies of ABA, access to food 

has been limited to the diurnal, rather than nocturnal, period. Because ad libitum fed rats 

consume most of their food during the nocturnal period, it has been argued that ABA develops as 

a consequence of not being able to adapt to a diurnal feeding schedule. One study in support of 

this hypothesis demonstrated that rats fed during the nocturnal period consumed more food and 

lost weight more slowly than rats fed during the diurnal period (Dwyer et al., 1997). It has also 

been reported that pre-adapting rats to a diurnal, restricted-feeding schedule decreased the 

development of ABA (Dwyer et al., 1997; Boakes et al., 1997). However, this finding is not 

universal (see (Lett et al., 2001)), and there are several reports that rats develop ABA quite 

rapidly when food access is limited to the nocturnal period (Watanabe et al., 1992; Dixon et al., 

2003; Atchley et al., 2005), suggesting that ABA is not reliant upon a diurnal feeding schedule. 

In addition to time and duration of food access, characteristics of the food also influence ABA 

development.  For example, rats provided with dry food (chow pellets) developed ABA whereas 

rats provided with wet food (moistened powdered chow) did not (Boakes et al., 2001).  It 

remains to be determined whether the reduced susceptibility to ABA in rats fed moistened chow 

is related to the water content, novelty, or palatability of the diet.  In particular, future studies 

designed to investigate the role of diet palatability in the development of ABA should shed some 

light into how food preferences and aversion contribute to the pathogenesis of anorexia nervosa.  

It is well established that ambient temperature influences thermoregulation in rats. This, 

in turn, affects homeostatic processes like feeding and energy expenditure.  In studies of ABA, 

weight loss is inversely related to ambient temperature (Gutierrez et al., 2002). That is, greater 

weight loss occurs in rats exposed to relatively cool temperatures (i.e., 19 – 20°C vs. 22 – 24°C).  

This accelerated weight loss is thought to be due to an increase in locomotor activity which may 

function to alleviate the hypothermic effects of food restriction experienced by rats exposed to 

the ABA paradigm (Gutierrez et al., 2002).  This is an interesting finding in light of a recent 

study in which the provision of a warm environment (up to 40°C) following the consumption of 

meals was part of a novel treatment associated with remission of anorexia nervosa and a 

reduction in relapse assessed at 1 year following the treatment protocol (Bergh et al., 2002). As 

such, ABA offers a useful model by which to investigate the role of temperature regulation in the 

maintenance and/or relapse of anorexia nervosa.   
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3.3 Age and body weight 

Specific subject factors can also influence susceptibility to ABA.  Two of the most 

widely studied are age and body weight.  When placed on a restricted-feeding schedule, heavier 

rats lose less weight than lighter rats.  This is likely due to the fact that heavier rats have greater 

energy stores that could function to protect against weight loss in the presence of running wheels 

and a restricted-feeding schedule (Boakes et al., 1997).  Along the same lines, younger rats are 

more likely to develop ABA than are older rats (Boakes et al., 1999).  This may be due to the 

fact that younger rats are more active and have greater growth-related energy requirements than 

older rats. Together, these factors could accelerate the weight loss associated with ABA.  

3.4 Sex differences 

Investigations of sex differences in the development of ABA are complicated by the fact 

that food intake and locomotor activity differ in male and female rats.  When food is freely 

available, female rats eat less than male rats, and they display a transient decrease in food intake 

during estrus, relative to non-estrous stages (i.e., diestrus 1, diestrus 2, and proestrus; Fig 3A). 

When given the opportunity to exercise in running wheels, female rats run more than male rats, 

and this locomotor activity is greater during estrus, relative to non-estrous stages (Fig 3B). 

Interestingly, the influence of exercise on daily food intake in ad libitum fed rats is also sexually 

dimorphic.  In males, exercising in a running wheel usually results in a decrease in food intake 

that induces weight loss within a few days of running wheel access (Eckel and Moore, 2004).  In 

comparison, the opportunity to exercise is associated with no or minimal weight loss in female 

rats, which typically display an increase (Oudot et al., 1996; Anantharaman-Barr and Decombaz, 

1989) or no change (Eckel et al., 2000) in food intake when running wheels are available.   

Regardless of the potential difficulties that arise from sex differences in food intake and 

locomotor activity in ad libitum-fed rats, several groups have attempted to examine sex 

differences in susceptibility to ABA.  In one study, female rats lost weight more slowly than 

male rats exposed to the ABA paradigm, suggesting a greater vulnerability to ABA in male rats 

(Doerries et al., 1991).  However, this study did not take into account sex differences in initial 

body weight.  In order to rule out the possibility that initial starting weight or age contributes to 

the apparent sex difference in susceptibility to ABA, another group examined development of 

ABA in weight- and age-matched female and male rats.  In this study, female rats lost weight 

more slowly than weight-matched male rats (Boakes et al., 1999).  In addition, age-matched 
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female and male rats lost weight at the same rate despite the fact that females began the 

procedure at a lower starting weight than males (Boakes et al., 1999).  Several hypotheses 

attempt to explain why females appear to be less susceptible to ABA than males.  These include 

female rats having greater starting percent body fat (Doerries et al., 1991) and male rats 

increasing their activity more during the paradigm compared to females (Boakes et al., 1999).  

However, one limitation of these studies that makes drawing these conclusions difficult is the 

lack of control for baseline activity prior to food restriction.  Because female rats are naturally 

more active, and can regulate their body weight in the presence of a running wheel, these factors 

may decrease their susceptibility compared to males who are naturally less active and cannot 

successfully maintain their body weight in the presence of running wheels, even when food is 

freely available.    

4. Endocrine changes associated with ABA 

 The progressive and profound weight loss associated with ABA is accompanied by 

altered activity within several endocrine systems.  That similar physiological changes have been 

reported in women with anorexia nervosa underscores the utility of the ABA paradigm in 

examining this disorder.  The endocrine changes associated with ABA occur during the food 

restriction phase when rats are underweight and normalize when rats are allowed free access to 

food and weight is restored.  Similarly, in anorexic women, endocrine functioning normalizes 

after recovery and body weight restoration. 

4.1. Hypothalamic-pituitary-gonadal axis 

Cessation of the rat’s ovarian reproductive (estrous) cycle is a prominent feature of ABA 

(Watanabe et al., 1992; Dixon et al., 2003; Atchley et al., 2005).  This disruption in estrous 

cyclicity, which models the amenorrhea observed in women with anorexia nervosa, indicates that 

the normal pattern of gonadal hormone secretion is disrupted.  Thus, exposure to the ABA 

paradigm appears to decrease activity within the hypothalamic-pituitary-gonadal axis.  Currently, 

two lines of evidence suggest that the disruption in estrous cyclicity is related to the rapid and 

progressive weight loss associated with the development of ABA.  First, food-restricted rats 

without access to running wheels lose less weight that similarly food-restricted rats with access 

to running wheels, and disruptions in estrous cyclicity are only observed in the latter group 

(Dixon et al., 2003).  Second, after exposure to the ABA paradigm, when food is freely available, 

rats resume normal estrous cycles once they have regained about 95% of the weight lost during 
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food restriction (Dixon et al., 2003).  Estrous-related decreases in food intake are observed 

concurrent with normalization of the estrous cycle.  Interestingly, rats are still hyperphagic at this 

time, suggesting that hypothalamic-pituitary-gonadal axis functioning normalizes prior to a 

return to pre-ABA levels of food intake (Fig. 4).  Together, these results suggest that 

maintenance of the estrous cycle may be linked to maintenance of body weight.  

4.2. Hypothalamic-pituitary-adrenal axis  

 The ABA paradigm is considered a stress-inducing procedure.  Thus, not surprisingly, 

stress response systems are activated in rats with ABA (Burden et al., 1993).  Activity within the 

hypothalamic-pituitary-adrenal axis, which is stimulated in response to long-term sustained 

stress, is increased during the ABA paradigm (Burden et al., 1993; Kas et al., 2003).  For 

example, circulating plasma adrenocorticotropin (ACTH) concentration is increased in female 

rats with ABA (Kas et al., 2003).  This results in hypertrophy of the adrenal gland and elevated 

corticosterone secretion in male and female rats with ABA (Burden et al., 1993; Kas et al., 

2003).  Interestingly, mRNA concentration of corticotrophin-releasing hormone (CRH) in the 

paraventricular nucleus of the hypothalamus does not differ between ABA rats and control rats 

(Burden et al., 1993).  Consistent with the gradual progression of ABA, short-term responses to 

stress are not affected by the ABA paradigm.  Rats with ABA have similar plasma levels of 

norepinephrine as control rats (Burden et al., 1993).   

4.3. Leptin 

Leptin is an adipocyte-derived hormone that circulates in the blood in proportion to body 

adiposity, and thus relays information about body weight to the brain (Fredrich et al., 1995).  

Leptin appears to play a critical role in maintaining normal reproductive function (Barash et al., 

1996; Chehab et al., 1996; Yu et al., 1997; Ahima et al., 1996; Chehab et al., 1997). The 

dramatic and progressive body weight loss observed in rats with ABA results in decreased 

circulating leptin (Kas et al., 2003).  Thus, it is possible that the estrous cycle disruptions 

observed in rats with ABA are due to insufficient leptin concentration. Because chronic leptin 

treatment can prevent the lengthening of the estrous cycle that is induced by a 48 h fast in 

hamsters and mice (Schneider et al., 2000; Ahima et al., 1996), it is possible that leptin treatment 

will affect estrous cyclicity in rats exposed to the ABA paradigm.  Further studies are necessary 

to examine this hypothesis.  
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Leptin may also play a role in the hyperactivity observed in rats with ABA.  In one study, 

rats were given access to running wheels while being restricted to 60% of their ad libitum food 

intake. Under these conditions, rats receiving vehicle treatment increased their daily running 

wheel activity over a 7 day period, whereas rats receiving leptin treatment did not.  These results 

suggest that the hyperactivity associated with food restriction is due to reduced serum leptin 

levels (Exner et al., 2000).  Additional experiments will be necessary to determine the 

mechanism underlying this effect.  

5. Neurotransmitter and neuropeptide systems implicated in the development of ABA 

To identify biological risk factors for anorexia nervosa, researchers have begun to 

investigate whether particular neurotransmitter systems influence the development of ABA in 

rats.  The majority of these studies employed a pharmacological approach in which receptor 

agonists and antagonists were used to manipulate a particular neurotransmitter system either 

prior to or coincident with the period of restricted feeding in the ABA paradigm.  Recently the 

ABA model has been adapted for use in mice (Siegfried et al., 2003), so future studies may 

utilize knockout models to determine how targeted deletion of a particular gene influences the 

development of ABA.   

5.1. Serotonin and the control of food intake 

Considerable evidence suggests that serotonin (5-HT) is involved in the physiological 

control of food intake. Increased central concentration of 5-HT, achieved by administering 

fenfluramine, a drug that increases the release of 5-HT in the synapse, decreased food intake in 

both humans and rats (Kaplan et al., 1997; Foltin et al., 1996; Eckel et al., 2005; Rowland, 

1986).  In comparison, decreased central concentration of 5-HT, achieved by administering 

methysergide, a 5-HT receptor antagonist, increased food intake in satiated male rats and in 

human volunteers (Comer et al., 1997; Fletcher, 1988).  In rats, consumption of food stimulates 

the release of 5-HT in the hypothalamus (Orosco and Nicolaidis, 1992; Orosco et al., 1995; 

Meguid et al., 2000a), and this release is correlated with satiety (De Fanti et al., 2001). In 

addition, brain regions implicated in the control of food intake are sensitive to changes in 5-HT 

activity. For example, in ad libitum fed rats, the increase in 5-HT activity achieved by 

fenfluramine administration increases neuronal activation in the paraventricular nucleus of the 

hypothalamus, the central nucleus of the amygdala, and the nucleus of the solitary tract (Li and 

Rowland, 1993; Li and Rowland, 1994; Javed et al., 1997; Li and Rowland, 1996). Together, 
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these data suggest that increased 5-HT activity produces a negative-feedback satiety signal that 

participates in meal termination. Interestingly, the serotonergic system appears to differentially 

affect food intake in male and female rats.  Recently, we reported that the anorectic effect of 

fenfluramine is greater in female rats, compared to male rats (Eckel et al., 2005). 

5.2. Serotonin and ABA  

Alterations in 5-HT activity have been reported in rats with ABA. Combining food 

restriction with the opportunity to exercise increased 5-HT concentration in the mediobasal 

hypothalamus compared to food-restricted rats without running wheels (Broocks et al., 1991).  

Under similar conditions, 5-HT turnover was increased in the mediobasal hypothalamus, as 

measured by concentration of the 5-HT metabolite, 5-hydroxy-3-indoleacetic acid (5-HIAA).  

Because 5-HT reduces food intake, and several measures of serotonergic neurotransmission 

appear to be elevated in rats with ABA, 5-HT may play an important role in the development and 

severity of ABA symptoms (Broocks et al., 1991).  

To directly examine this hypothesis, the development of ABA was monitored in male rats 

treated chronically with fenfluramine, a potent 5-HT releasing agent. As predicted, fenfluramine 

treatment, concurrent with food restriction, increased the development of ABA by accelerating 

the rate of weight loss (Rieg et al., 1994b). It was noted, however, that fenfluramine-treated rats 

consumed less food than vehicle-treated rats during the daily restricted-feeding period. Of 

course, one would expect that any treatment that reduces appetite would increase the rate of 

weight loss in this paradigm. To dissociate the effects of reduced food intake and drug treatment, 

we recently conducted a similar experiment which examined the effects of fenfluramine on the 

development of ABA in female rats. We controlled for the anorectic effects of fenfluramine by 

including a pair-fed control group that consumed the same amount as the fenfluramine-treated 

group throughout the period of food restriction.  Female rats that received a single, daily 

injection of fenfluramine displayed greater daily weight loss (Fig. 5A), and reached the 25% 

weight loss criterion more quickly (Fig. 5B) than vehicle-treated and pair-fed control groups. 

Thus, the ability of fenfluramine to accelerate weight loss in rats exposed to the ABA paradigm 

is not reliant upon its anorectic action. Rather, it is likely that the metabolic changes associated 

with elevated 5-HT activity, including increased brown adipose tissue oxidation (Lupien and 

Bray, 1985) or lipid oxidation (Davies et al., 1983), contributed to the accelerated weight loss of 

fenfluramine-treated rats. An additional comparison between these two previous studies (Rieg et 
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al., 1994b; Atchley et al., 2005) revealed a prominent sex difference in the potency by which 

fenfluramine treatment accelerated the rate of weight loss in rats with ABA. In male rats, a ten-

fold larger dose of fenfluramine was required to exacerbate the weight loss associated with ABA, 

relative to female rats. This may be related to sex differences in the efficacy of fenfluramine 

(Becker et al., 2005; Oluyomi et al., 1994).  Another possible explanation is that these 

differences were due to differences in experimental design between the two studies.  In one 

study, male rats received continuous fenfluramine treatment by an osmotic minipump, raising the 

possibility that rats became tolerant to the drug. In the other study, female rats received 

fenfluramine once daily by an i.p. injection, reducing the risk of tolerance.  Indeed, when male 

rats were given injections of fenfluramine prior to the onset of food restriction so that they would 

be tolerant to the drugs anorexic effects, fenfluramine- and vehicle-treated rats were equally 

susceptible to ABA (Rieg et al., 1994b).   

5.3 Catecholamines 

 The catecholamines, including dopamine and norepinephrine, are implicated in the 

control of food intake (for a review, (Wellman, 2000; Meguid et al., 2000b)) and motor activity 

in ad libitum fed rats.  Because these two processes are intimately involved in ABA, the 

involvement of catecholamines in the development of ABA has been examined.  In rats with 

ABA, dopamine may be involved in the excessive exercise that occurs.  Decreasing dopamine 

activity, by administering the dopamine antagonist pimozide, reduced light phase running in rats 

in the ABA paradigm (Lambert et al., 1992). In addition, dopamine turnover is higher in food 

restricted rats with access to running wheels, as measured by the concentration of its metabolite, 

4-dihydroxyphenylacetic acid, in the mediobasal hypothalamus compared to food restricted rats 

without access to a wheel (Broocks et al., 1990).   

 In rats with ABA, the concentration of norepinephrine’s major metabolite, 3-methoxy-4-

hydroxyphenylglycol (MHPG) is elevated in many brain areas including the hypothalamus, 

thalamus, midbrain, cortex, medulla, and cerebellum compared to food restricted rats without 

access to a running wheel (Rea and Hellhammer, 1984).  Specifically, in the hypothalamus, the 

concentration of MHPG, in the mediobasal hypothalamus and the preoptic area is elevated in rats 

with ABA compared to control rats (Broocks et al., 1990).  Although these changes in 

norepinephrine activity are observed, studies that pharmacologically manipulate the system have 

not produced consistent results.  Systemic treatment with clonidine, an α2 adrenergic agonist, 
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during the ABA procedure increased food intake but had no effect on wheel running when given 

at a low dose.  However, a high dose of clonidine failed to increase food intake but did increase 

wheel running.  Neither dose affected the number of days it took for rats to lose 25 % of their 

initial body weight (Rieg et al., 1994a).  In contrast, when clonidine is infused directly into the 

paraventricular nucleus during the ABA procedure, susceptibility to ABA increases (Rieg and 

Aravich, 1992).  Paraventricular clonidine administration reduced food intake and decreased the 

number of days to reach 25 % body weight loss compared to saline treatment (Rieg et al., 1992).       

5.4 Melanocortin system 

 Another system that regulates body weight is the melanocortin system (Seeley et al., 

2004).  Two proteins, α-melanocyte-stimulating hormone (α-MSH) and agouti-related protein 

(AgRP) differentially affect melanocortin receptors.  Activation of the receptor by α-MSH 

decreases food intake, whereas suppression of receptor activity by AgRP increases food intake 

(for review, (Seeley et al., 2004)).  In addition, AgRP decreases activity levels.  Because this 

system is important in the regulation of body weight, changes in protein and receptor 

concentrations have been examined in rats exposed to the ABA paradigm.   Rats with ABA have 

higher mRNA expression of melanocortin receptors, lower levels of α-MSH gene expression, 

and higher levels of AgRP gene expression.  This increase in AgRP expression and decrease in 

α-MSH expression may be a compensatory mechanism in an attempt to increase food intake in 

rats with ABA.  Indeed, rats treated with exogenous AgRP during the ABA paradigm had 

increased survival rates compared to saline-treated control rats (Kas et al., 2003). 

6. Parallels with anorexia nervosa 

 Women with anorexia nervosa display many of the same neuroendocrine disturbances as 

rats with ABA.  Many of these changes appear to be associated with the severe weight loss in 

these women because the disturbances normalize after weight gain.  For example, like rats with 

ABA, women with anorexia nervosa no longer display regular ovarian cycles (American 

Psychiatric Association, 1994).  However, after regaining body weight, many recovered 

anorexics have normal menstrual cycles.   

 Disturbances in hormone and neurotransmitter activity also appear to normalize after 

weight gain in anorexic women.  This suggests that these changes result from the weight loss 

observed in these women rather than pre-existing traits that may underlie the cause of the 

disorder.   For example, underweight women with anorexia nervosa have reduced cerebrospinal 
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fluid concentrations of leptin; however, with weight recovery, leptin levels normalize to control 

levels (Mantzoros et al., 1997).  Interestingly, leptin levels normalize before body mass indices 

return to normal, suggesting that as anorexic patients regain weight they are primarily adding 

adipose tissue.  In addition, because leptin levels are normal prior to maintenance of a goal 

weight, this may lead to difficulties achieving a normal body weight (Mantzoros et al., 1997).   

 One neurotransmitter that appears to remain dysregulated after weight gain is 5-HT.  

Kaye and his colleagues (Kaye et al., 1991) have reported elevated concentration of the 5-HT 

metabolite, 5-HIAA, in the cerebrospinal fluid in long-term, weight-restored anorexic women, 

relative to body weight-matched women that have never been diagnosed with an eating disorder.  

This persistent elevation in 5-HIAA concentration suggests that this physiological alteration is 

trait-related and may have contributed to the development of the eating disorder.  However, 

studies examining this in humans are very difficult, if not impossible, to perform.  Thus, the 

ABA model is a useful tool in examining the role of 5-HT on the development of anorexia 

nervosa-like symptoms.   

7. Conclusions and Goals of the Proposed Research 

 The activity-based anorexia paradigm induces symptoms in rats that are similar to those 

seen in women with anorexia nervosa.  Thus, the ABA paradigm provides researchers with a 

useful animal model to investigate the neurochemical and hormonal changes associated with 

anorexia nervosa.  Our earlier work demonstrated that fenfluramine treatment, concurrent with 

food restriction, increased the weight loss associated with ABA (Atchley et al., 2005). The goal 

of this dissertation was to further examine the role of the 5-HT system in the development of 

ABA by determining how decreasing 5-HT activity affects development of ABA (Experiment 1), 

whether the 5-HT2C receptor is involved in the development of ABA (Experiment 2), and how 

weight loss associated with ABA affects c-Fos expression induced by a serotonin agonist 

(Experiment 3). These types of experiments have clinical relevance that could be beneficial in 

treating the human disorder.   
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Fig. 1  Changes in daily body weight during a period of restricted feeding in one rat with and one 

rat without access to a running wheel. Starting on day 0, access to food was limited to a 2-h 

period beginning 1 h after dark onset. Restricted feeding was terminated when individual rats 

lost 25% of their body weight or after 8 days, whichever occurred first. Despite their similar 

body weights at the onset of restricted feeding, the rat without access to a running wheel rapidly 

adapted to the restricted-feeding schedule and maintained ~ a 10% weight loss. In contrast, the 

rat with access to a running wheel displayed progressive weight loss each day. This rat reached 

the 25% weight loss criterion by day 5 and restricted feeding was terminated at this time to 

prevent any further weight loss. The rat without access to a running wheel failed to reach the 

25% weight loss criterion within 8 days of restricted feeding. 
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Fig. 2  Placing rats on a restricted-feeding schedule increases mean daily running wheel activity, 

relative to that observed under ad libitum feeding conditions. Data are means ± SEM. The 

reduction in energy intake associated with restricted feeding fails to induce a compensatory 

decrease in running wheel activity. Rather, restricted feeding induces a paradoxical increase in 

running wheel activity that exacerbates the negative energy balance induced by limited access to 

food. *Greater than ad libitum-fed condition, P < 0.05. Abbreviation: rev; revolutions. 
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Fig. 3  Food intake and running wheel activity are sexually dimorphic in rats. Data are means ± 

SEM. (A) Daily food intake is greater in male rats, relative to female rats of equivalent body 

weight. In addition, female rats display a transient decrease in food intake during estrus, relative 

to diestrous and proestrous stages of the ovarian reproductive cycle. (B) Daily running wheel 

activity is greater in female rats, relative to male rats. Female rats also display an estrous-related 

increase in running wheel activity, relative to diestrous and proestrous stages. *Different from 

male rats, P < 0.01. 
+
Different from diestrous and proestrous stages, P < 0.05. Abbreviations: 

D1; diestrus 1, D2; diestrus 2, P; proestrus, E; estrus, rev; revolutions. 
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Fig. 4   Recovery of estrous cycle-mediated changes in food intake in female rats after exposure 

to the ABA paradigm.  After a 25% weight loss induced by the ABA paradigm, rats are 

hyperphagic compared to that observed during a baseline period, prior to induction of ABA.  

Despite this hyperphagia, resumption of the estrous cycle results in estrous-related decreases in 

food intake compared to non-estrous phases. *Different from baseline food intake, P < 0.01 . 
+
Different from diestrous and proestrous stages, P < 0.01.  Abbreviations: D1; diestrus 1, D2; 

diestrus 2, P; proestrus, E; estrus. 
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Fig. 5  Weight loss in fenfluramine-treated, saline-treated, and pair-fed rats exposed to the ABA 

paradigm.  A)  Data from individual rats demonstrates that despite similar body weights at the 

onset of restricted feeding (i.e., on day 0), daily body weight loss was greater in the rat receiving 

fenfluramine treatment, relative to the saline-treated rat and the pair-fed rat. (B)  Mean averages 

from each group indicate that fenfluramine-treated rats reached the 25% weight loss criterion 

faster than saline-treated and pair-fed rats.  Abbreviations: sal; saline, fen; fenfluramine.   
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CHAPTER 2   

 

TREATMENT WITH 8-OH-DPAT ATTENUATES THE 

WEIGHT LOSS ASSOCIATED WITH ACTIVITY-BASED ANOREXIA 

IN FEMALE RATS 

 

 

1. Introduction 

 Anorexia nervosa is a debilitating eating disorder characterized by caloric restriction, 

hyperactivity, an intense fear of becoming overweight, and extreme, often life-threatening, 

weight loss. This eating disorder, which has proven difficult to treat, is associated with frequent 

relapse and the highest mortality rate among psychiatric disorders (American Psychiatric 

Association, 1994). In recent years, there has been a renewed interest in identifying biological 

factors that may contribute to the development of anorexia nervosa.  

Because prospective studies of anorexia nervosa are difficult to conduct in humans, 

animal models have been used to examine biological risk factors for anorexia nervosa. In the 

activity-based anorexia (ABA) model, rats are housed with access to running wheels and then 

placed on a restricted-feeding schedule consisting of 1-2 h access to food per day. Under these 

conditions rats develop a syndrome characterized by multiple symptoms of anorexia nervosa 

including hyperactivity, progressive weight loss, and estrous cycle disruptions (Watanabe et al., 

1992; Dixon et al., 2003; Atchley et al., 2005). This animal model allows researchers to directly 

manipulate neuronal and endocrine systems that may be dysregulated in anorexia nervosa. 

Recently, we reported that manipulation of the serotonin (5-HT) system can modulate the 

development of ABA in female rats (Atchley et al., 2005). In this study, rats received daily 

injections of fenfluramine (FEN), a potent 5-HT releasing agent, concurrent with food 

restriction. Control groups received injections of vehicle alone or in combination with a pair-

feeding protocol that limited food intake to the amount consumed by FEN-treated rats. 

Interestingly, FEN-treated rats displayed accelerated weight loss relative to both control groups. 

Because FEN-treated and pair-fed rats consumed comparable amounts of food, the more rapid 

weight loss in the former group could not simply be attributed to the anorectic effect of FEN.   
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 Here, we determined whether a decrease in 5-HT activity would attenuate the weight loss 

associated with ABA.  Female rats were placed on a chronic food-restriction schedule and 

injected daily with 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT), a drug that 

selectively activates 5-HT1A autoreceptors and, thereby, decreases the release of 5-HT in brain 

regions innervated by serotonergic raphe neurons (Hjorth and Sharp, 1991b).  We hypothesized 

that if elevated 5-HT activity following FEN treatment increases the rate of weight loss 

associated with ABA, then suppression of 5-HT activity following 8-OH-DPAT treatment would 

have the opposite effect.  

2. Methods 

2.1.  Animals and housing  

Seventeen female Long-Evans rats (Charles River Breeding Laboratories, Raleigh, NC), 

weighing 221 ± 3.5 g at study onset, were housed individually in wire-mesh bottom cages 

connected to Wahmann running wheels (35 cm in diameter).  The running wheels were equipped 

with dipole magnets (DiLog Instruments, Tallahassee, FL) which signaled the occurrence of 

wheel revolutions. Outputs from the magnets were stored on a computer and custom-designed 

software (ESP 500; R. Henderson; Florida State University) was used to examine daily running 

wheel activity at specific intervals. The testing room was maintained at 20 ± 2°C on a 12:12 h 

light:dark schedule (dark onset = 1300 h).  Powdered rat chow (Purina 5001) was presented in 

food cups located in feeding niches that protruded from the cages. Papers were placed below the 

food cups to collect any food spillage. A computerized system was used to open and close a gate 

that limited access to the food cups to specific times. Throughout the experiment, food and water 

were freely available, except as noted below. Rats were adapted to the novel housing conditions 

prior to data collection.  Animal usage and all procedures were in compliance with the Florida 

State University Institutional Animal Care and Use Committee.   

2.2. Behavioral measures, body weight, and estrous cycles 

Food intake, wheel running, body weight, and stage of the estrous cycle were monitored 

daily. Between 1000 – 1100 h, food cups were weighed (± 0.1 g) and any food spillage was 

subtracted from the daily food intake measurement, wheel running was recorded (± 0.5 rev), rats 

were weighed (± 0.1 g), and vaginal cytology samples were collected. Stage of the estrous cycle 

(diestrus 1, diestrus 2, proestrus, or estrus) was then determined by examining the appearance 
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and abundance of cells within each sample, as described previously (Eckel et al., 2000; Becker et 

al., 2005).  Using this strategy, proestrus included the light phase peak in estradiol secretion, and 

estrus included the subsequent dark phase when female rats ovulate and display increased sexual 

receptivity (Becker et al., 2005).  At study onset, all rats had displayed a minimum of 2 regular, 

4-day estrous cycles.  

2.3. Procedure   

Food intake, running wheel activity, body weight, and estrous cyclicity were monitored 

daily in all rats during baseline, restricted-feeding, and recovery test phases, as summarized in 

Fig. 6.  Beginning on diestrus 1, baseline measurements of food intake, running wheel activity, 

and body weight were monitored in free-fed rats across one 4-day estrous cycle. At the start of 

the next estrous cycle, rats were assigned to one of two groups and daily access to food was 

restricted to 2 h, beginning 1 h after dark onset.  Throughout this restricted-feeding phase, rats 

received daily subcutaneous injections of 0.5 mg/kg 8-OH-DPAT (Sigma Chemical, Natick, 

MA; n = 9) or 1 ml/kg physiological saline vehicle (n = 8) 40 min prior to food access.  Food-

restricted rats were maintained on this schedule of drug injections until they displayed a 25% 

body weight loss or after 10 days, whichever occurred first. These criteria for termination of the 

restricted-feeding schedule were based on previous studies in which the weight loss associated 

with ABA occurred at variable rates in female rats (Atchley et al., 2005; Dixon et al., 2003). 

Because severe, often fatal, gastric lesions develop following a 30% weight loss in this paradigm 

(Doerries et al., 1991; Lambert et al., 1993; Tsuda et al., 1982), rats were not allowed to progress 

beyond a 25% weight loss in the present study. Upon reaching the 25% weight loss/10-day 

criterion, drug injections were terminated, rats were given free access to food, and recovery from 

ABA was assessed by monitoring daily food intake, wheel running, body weight, and vaginal 

cytology samples until individual rats displayed one regular 4-day estrous cycle.   

2.4. Data analysis  

Data are presented as means ± SEM. During the 4-day baseline phase, group differences 

in mean daily food intake, wheel running, and body weight were assessed using independent t-

tests.  During the restricted-feeding phase, rats reached the 25% weight loss/10 day criterion at 

different times (range = 3-10 days). Thus, to permit statistical analysis of the restricted-feeding 

phase, daily food intake, running wheel activity, and weight loss were examined on the first, 
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middle, and last days of food restriction. The middle day was defined as the median day of food 

restriction. To examine the pattern of running wheel activity in greater detail, wheel running was 

examined at 2-h intervals on the first, middle, and last days of food restriction. The effects of 8-

OH-DPAT on food intake, wheel running, and weight loss were examined using mixed-design 

ANOVAs with drug treatment as the between-subject variable and day of food restriction as the 

within-subject variable. The effects of 8-OH-DPAT treatment on the pattern of running wheel 

activity was examined using a mixed-design ANOVA with group as the between-subject variable 

and day of food restriction and 2-h interval as the within-subject variables. The severity of ABA 

was determined by the mean latency (in days) to reach the 25% weight loss/10 day criterion for 

termination of the restricted-feeding schedule, the percentage of rats with estrous cycle 

disruptions at this time, and the total amount of body weight lost during food restriction.  The 

number of days to reach the refeeding criterion was determined by either the actual number of 

restricted-feeding days (for those that reached the refeeding criterion) or 10 days (for those that 

failed to reach the refeeding criterion by day 10). Group differences in total weight loss and 

latency to reach the refeeding criterion were analyzed using independent t-tests.  A Chi-square 

analysis was used to examine group differences in estrous cycle disruptions.  During the 

recovery phase, group differences in mean daily food intake, wheel running, latency to regain 

body weight, and number of days to resume estrous cycles were analyzed using independent t-

tests.  Body weight gain on the first, middle, and last days of recovery was analyzed using a 

mixed-design ANOVA with day of recovery as the within-subject variable and drug treatment as 

the between-subject variable.  Tukey’s tests were used to investigate differences between means 

following significant (p < 0.05) main or interactive ANOVA effects. 

3. Results  

3.1. Baseline phase  

Prior to food restriction and drug treatment, no significant differences in mean daily food 

intake, wheel running, or body weight were detected between groups, t(15) = 0.01 – 0.67, n.s. 

(Table 1). All rats displayed regular 4-day estrous cycles.   

3.2. Restricted-feeding phase   

An analysis of food intake on the first, middle, and last days of food restriction revealed a 

main effect of day, F(2, 30) = 37.48, p < 0.00001 (Fig. 7). Regardless of drug treatment, all rats 

consumed more food on the middle and last days of food restriction, relative to the first day of 
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food restriction, ps< 0.05. Food intake was not influenced by either a main or an interactive 

effect of drug treatment. 

Running wheel activity during the restricted-feeding phase was influenced by an 

interactive effect of drug treatment and day, F(2,30) = 6.35, p < 0.005 (Fig. 8). On the first day 

of food restriction, wheel running did not differ in 8-OH-DPAT- and saline-treated rats. On the 

middle and last days of food restriction, saline-treated rats displayed a progressive increase in 

wheel running, ps < 0.05, that was not apparent in 8-OH-DPAT-treated rats. This resulted in 

greater wheel running in saline-treated rats, relative to 8-OH-DPAT-treated rats, on the middle 

and last days of food restriction, ps < 0.01. Finally, 8-OH-DPAT failed to modulate running 

wheel activity across the restricted-feeding phase. On the first, middle and last days of food 

restriction, wheel running in 8-OH-DPAT-treated rats was similar to that observed in saline-

treated rats on the first day of food restriction (Fig. 8) and in both groups during the baseline 

phase (see Table 1). To further investigate the pattern of running wheel activity in food-restricted 

rats, wheel running was examined at 2-h intervals across the light and dark phases of the first, 

middle, and last days of food restriction. This analysis revealed an interactive effect of drug 

treatment, day, and 2-h interval, F(20,299) = 1.91, p < 0.05 (Fig. 9). As expected, all rats 

displayed greater running wheel activity during the dark phase, relative to the light phase, on 

each day, ps < 0.01. On the first day of food restriction, the overall pattern of light- and dark-

phase wheel running did not differ between saline- and 8-OH-DPAT-treated rats (Fig. 9A). 

However, by the middle day of food restriction, saline-treated rats ran more than 8-OH-DPAT-

treated rats during 4 of the 6 dark-phase intervals, ps < 0.05.  By the last day of food restriction, 

saline-treated rats ran more than 8-OH-DPAT-treated rats throughout the entire dark phase, ps < 

0.05 (Fig. 9C). Group differences in light-phase wheel running also emerged. On the first day of 

food restriction, all rats displayed low levels of wheel running during the early segment of the 

light phase (i.e., interval 1) that preceded access to food (Fig. 9A). However, on the middle and 

last days, both groups displayed increased wheel running at this time, ps < 0.05 (Fig. 9B,C). By 

the last day, this feeding anticipatory increase in wheel running, now evident during the two 

light-phase intervals preceding food access (i.e., intervals 1 and 11), was greater in saline-treated 

rats, relative to 8-OH-DPAT-treated rats, ps < 0.05 (Fig. 9C).   

Weight loss during the restricted-feeding phase was influenced by drug treatment and 

day, F(1,15) = 8.10, p < 0.01 and F(2,30) = 132.65, p < 0.00001, respectively (Fig. 10).  While 
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all rats displayed a progressive increase in weight loss from the first to the last day of food 

restriction, ps < 0.05, 8-OH-DPAT-treated rats lost less weight than saline-treated rats on the 

first, middle and last days of food restriction, ps < 0.05.    

3.3. Severity of ABA 

The restricted-feeding schedule was terminated when individual rats displayed a 25% 

weight loss, or after 10 days, whichever occurred first. At this time, individual rats were returned 

to a free-feeding schedule.  All of the 8 saline-treated rats, but only 6 of the 9 8-OH-DPAT-

treated rats, lost 25% of their body weight within 10 days.  The number of days to reach the 

refeeding criterion was greater in 8-OH-DPAT-treated rats, relative to saline-treated rats, t(15) = 

1.75, p < 0.05 (Fig. 11A). Despite being subjected to a longer period of food restriction, 8-OH-

DPAT-treated rats lost less weight than saline-treated rats, t(15) = 2.20, p < 0.05 (Fig. 11B). No 

group differences in estrous cycle disruptions were detected (saline: 3 of 8 rats vs. 8-OH-DPAT: 

5 of 9 rats disrupted), χ2
 = 1.9, n.s.   

3.4. Recovery phase  

Following the return to a free-feeding schedule, no differences in either mean daily food 

intake or running wheel activity were detected between groups, t(15) = 0.34 – 1.58, n.s (data not 

shown).  Body weight gain was influenced by a main effect day, F(2,30) = 38.41, p < 0.00001 

(Fig. 12). Regardless of drug treatment, all rats displayed a progressive increase in weight gain 

through the first, middle, and last day of recovery, ps < 0.01. No main or interactive group 

differences in body weight gain were detected gain.  Accordingly, the number of days to body 

weight recovery (saline: 4.5 ± 0.5 vs. 8-OH-DPAT: 4.1 ± 0.5) and the resumption of regular 

estrous cycles (saline: 8.8 ± 0.3 vs. 8-OH-DPAT: 7.7 ± 1.0) was similar in saline- and 8-OH-

DPAT-treated rats, t(15) = 0.56 and 0.99, respectively, n.s. By the final day of recovery, no 

differences in body weight were observed between groups (saline: 236.5 ± 4.2 vs. 8-OH-DPAT: 

237.4 ± 8.8), t(15) = 0.09, n.s. 

4.  Discussion 

The goal of the present study was to determine whether pharmacological manipulation of 

the 5-HT system modulates the development of ABA in female rats.  Previously, administration 

of a 5-HT releasing agent, concurrent with food restriction, increased the weight loss associated 

with ABA (Atchley et al., 2005; Rieg et al., 1994b). Here, rats were treated with 8-OH-DPAT, a 

drug that decreases the firing rate of 5-HT neurons, to investigate whether reduced 5-HT activity 
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attenuates the weight loss associated with ABA.  Despite similar food intake throughout the 

restricted-feeding phase, 8-OH-DPAT-treated rats lost weight more slowly and thus lost less 

weight than saline-treated rats.  This attenuated weight loss appears to be mediated by 8-OH-

DPAT’s ability to abolish the hyperactivity that is critical for the development of ABA.  

In the present study, 8-OH-DPAT attenuated the weight loss associated with ABA. 

Although 8-OH-DPAT increases food intake in male rats (Dourish et al., 1985a; Dourish et al., 

1985b), we saw no evidence of an orexigenic effect of the drug here. Throughout the restricted-

feeding phase, food intake did not differ between saline- and 8-OH-DPAT-treated rats.  It is 

possible that restricting food access to 2 h per day may have introduced a ceiling effect that 

would prevent any treatment from increasing food intake at this time.  Indeed, there are reports 

that the orexigenic effect of 8-OH-DPAT may be limited to free-fed rats (Bendotti and Samanin, 

1986; Dourish et al., 1985b; Dourish et al., 1986). However, another treatment involving chronic 

clonidine administration increased food intake during the last three days of food restriction in an 

ABA paradigm similar to ours (Rieg et al., 1994a). This suggests that a ceiling effect may not 

have limited our ability to detect an orexigenic effect of 8-OH-DPAT.  Rather, we contend that a 

diurnal variation in 8-OH-DPAT’s ability to increase food intake may account for our findings.  

In two previous studies, the orexigenic effect of 8-OH-DPAT was limited to feeding tests 

conducted during the light phase (Shimizu et al., 2000). Regardless of the mechanism that 

prevented 8-OH-DPAT from increasing food intake in the present study, our observation that 

saline- and 8-OH-DPAT-treated rats consumed similar amounts of food throughout the 

restricted-feeding phase suggests that the reduction in weight loss in the former group cannot 

simply be attributed to an orexigenic effect of 8-OH-DPAT. 

During the restricted-feeding phase, 8-OH-DPAT prevented the increase in daily running 

wheel activity that was observed in food restricted, saline-treated rats (Fig. 3). In addition, 8-OH-

DPAT-treated rats did not display any changes in daily wheel running during the restricted-

feeding phase, relative to the baseline phase. Thus, 8-OH-DPAT did not appear to influence 

daily running wheel activity in this study. While a general increase in wheel running is important 

for the development of ABA (e.g., (Dixon et al., 2003), an increase in feeding anticipatory wheel 

running appears crucial. Male rats do not develop ABA when wheel access is blocked during the 

4 h preceding food access, and limiting wheel access to this 4-h period is sufficient for the 

development of ABA (Dwyer et al., 1997; Beneke et al., 1995).  In the present study, 8-OH-
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DPAT not only prevented the rapid increase in dark-phase wheel running observed in saline-

treated rats, but it also attenuated feeding anticipatory wheel running (Fig. 9). Thus, the blockade 

of excessive daily wheel running in general, and feeding anticipatory wheel running in particular, 

likely contributed to the attenuated weight loss of 8-OH-DPAT-treated rats.  In previous studies, 

8-OH-DPAT produced dose-related effects on general locomotor activity (i.e., ambulatory 

behavior) in free-fed rats. In both open field and home cage tests, low doses of 8-OH-DPAT 

(0.01 – 0.05 mg/kg) decreased ambulatory behavior (Carey et al., 2004), whereas higher doses of 

8-OH-DPAT (0.2 – 0.4 mg/kg), similar to that used in the present study, increased ambulatory 

behavior (Carey et al., 2004; Blanchard et al., 1993). The latter studies rule out the possibility 

that a decrease in ambulatory behavior contributed to 8-OH-DPAT’s ability to attenuate the 

weight loss associated with ABA. Although previous studies suggest that ambulatory behavior 

within the home cage may have been increased in the present study, we believe this to be an 

unlikely outcome. Our rats were housed in custom-designed cages that were equipped with 

relatively small home cages connected to running wheels. Under these housing conditions, the 

majority of ambulatory behavior is expressed within the running wheels because of size 

constraints of the home cages. Taken together, our findings suggest that an attenuation of the 

excessive running associated with chronic food restriction, rather than an overall decrease in 

ambulatory behavior, contributed to the lower rate of weight loss in 8-OH-DPAT-treated rats. 

Previous experiments using the ABA model suggest that thermoregulation plays an 

important role in the development of ABA. If rats are housed at temperatures that exceed 

standard housing temperatures they do not develop ABA (Gutierrez et al., 2002), and access to a 

warm plate attenuates the weight loss associated with ABA (Hillebrand et al., 2005). These 

studies have led to the hypothesis that rats in the ABA paradigm display excessive wheel running 

in order to increase core body temperature (Gutierrez et al., 2002; Lambert et al., 1992). 

Interestingly, 8-OH-DPAT decreases body temperature in male rats (Hedlund et al., 2004; Eltayb 

et al., 2001; Maswood and Uphouse, 1997), although this effect appears to be limited to the first 

2 h following drug treatment (Hedlund et al., 2004). Thus, it is possible that 8-OH-DPAT, which 

was administered 40 min prior to food access, may have contributed to the feeding anticipatory 

wheel running that was observed by the middle day of food restriction. Any such effect must 

have been quite small, as 8-OH-DPAT-treated rats displayed less feeding anticipatory wheel 

running then saline-treated rats on the last day of food restriction. In addition, 8-OH-DPAT-
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treated rats failed to display any hypothermia-related decrease in food intake during the 

restricted-feeding phase. Thus, it is unlikely that our regimen of 8-OH-DPAT treatment produced 

any long-term hypothermic effects that could have modulated the development of ABA.    

 In female rats, significant weight loss is often associated with disruptions in estrous 

cyclicity. Thus, it is not surprising that many of the rats in the present study became acyclic 

during the restricted-feeding phase.  In rodents, maintenance of reproductive function appears to 

be partially dependent upon plasma leptin concentration (Chehab et al., 1996; Ahima et al., 1997; 

Gruaz et al., 1998). Because leptin is secreted from adipocytes in proportion to body adiposity 

(Fredrich et al., 1995), the progressive weight loss associated with the development of ABA 

undoubtedly results in reduced plasma leptin concentration. Thus, loss of estrous cyclicity in the 

present study may have been secondary to low plasma leptin concentration following weight 

loss. Although 8-OH-DPAT-treated rats lost less weight than control rats, we failed to detect any 

group differences in the prevalence of estrous cycle disruptions. This lack of association between 

total weight loss and prevalence of estrous cycle disruptions may be related to the minimal 

weight loss required to induce estrous cycle disruptions under our test conditions. That is, the 

weight loss of 8-OH-DPAT-treated rats, though less than the weight loss of control rats, may 

have been sufficient to induce estrous cycle disruptions. This hypothesis is supported by previous 

studies in which female rats displayed estrous cycle disruptions following weight loss between 

13 to 17% of their baseline body weight (Tropp and Markus, 2001; Knuth and Friesen, 1983).  

Our regimen of 8-OH-DPAT treatment throughout the restricted-feeding phase failed to 

modulate recovery from ABA. Both 8-OH-DPAT- and saline-treated groups displayed similar 

mean daily food intake and running wheel activity during recovery. Weight gain, assessed on the 

first, middle, and last days of recovery was similar between groups. In addition, latency to regain 

body weight to baseline values and latency to resume estrous cycles were similar between 

groups.  Thus, treatment with 8-OH-DPAT during food restriction does not interfere with 

recovery from ABA.  This finding is consistent with the short half-life of 8-OH-DPAT (Perry 

and Fuller, 1989).   

 Here, we demonstrated that decreased serotonergic neurotransmission induced by chronic 

administration of 8-OH-DPAT attenuated the weight loss associated with ABA. This finding 

supports the hypothesis that reduced 5-HT activity, following chronic activation of presynaptic 

raphe 5-HT1A autoreceptors, decreases susceptibility to ABA. Because modulation of the 
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serotonergic system affects development of ABA in female rats, and this system is implicated in 

the etiology of anorexia nervosa (Kaye et al., 1991; Kaye et al., 2003), further examination of 5-

HT’s role in the development of eating disorders is critical.  In future studies, it will be important 

to determine the precise mechanism by which reduced 5-HT neurotransmission attenuates the 

weight loss associated with ABA.  

 

Reprinted from Pharm, Biochem. Behav, 83, Atchley, DPD, and Eckel, LA., Treatment with 8-

OH-DPAT attenuates development of activity-based anorexia in female rats, 547–553, Copyright 

(2006), with permission from Elsevier. 
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Table 1. Baseline measures of food intake, running wheel activity, and body weight. 

______________________________________________________________________________ 

      Saline-treated rats  8-OH-DPAT-treated rats 

______________________________________________________________________________ 

Mean daily food intake (g)         23.4 ± 0.9              23.2 ± 0.4 

Mean daily wheel running (rev)       7424 ± 1388            7436 ± 1483 

Mean daily body weight (g)          228 ± 6               223 ± 3 

______________________________________________________________________________ 

Data are means ± SEM. Food intake, running wheel activity, and body weight did not differ 

between saline- and 8-OH-DPAT-treated rats during the baseline phase. Abbreviations: rev; 

revolutions. 
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Fig. 6.  Summary of the experimental paradigm.  During the baseline phase, rats had free access 

to food and running wheels for 1 estrous cycle (4 days). During the restricted-feeding phase, rats 

had free access to running wheels but food was restricted to 2 h/day. Rats received injections of 

either saline or 0.5 mg/kg 8-OH-DPAT 40 min prior to food access. Food restriction was 

terminated when individual rats lost 25% of their baseline body weight or after 10 days, 

whichever occurred first. During the recovery phase, rats were given free access to food. This 

phase was terminated when individual rats displayed one 4-day estrous cycle. Abbreviations: 

SAL; saline. 

Baseline 
Phase

Restricted-Feeding 
Phase 

Recovery 
Phase 

Free fed Free fedFood restricted

No injections No injectionsDaily injection of SAL or 8-OH-DPAT

Free access to running wheels
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Fig. 7. Food intake on the first, middle, and last days of food restriction. Regardless of drug 

treatment, all rats displayed an increase in food intake on the middle and last days of food 

restriction, relative to the first day of food restriction. Drug treatment did not alter food intake 

during the restricted-feeding phase. 
a
Greater than the first day (p < 0.05). 
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Fig. 8.  Running wheel activity during the first, middle, and last days of food restriction.  8-OH-

DPAT treatment blocked the progressive increase in wheel running that was observed in saline-

treated rats during the restricted-feeding phase.  
a
Greater than the first day (p < 0.05).  

b
Greater 

than the first and middle days (p < 0.05). 
c
Greater than the 8-OH-DPAT-treated group (p < 0.05).  

Abbreviations: rev; revolutions, SAL; saline. 
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Fig. 9. Running wheel activity at 2-h intervals across the light:dark cycle during the first, middle, 

and last days of food restriction. The dark phase of the lighting cycle is indicated by dark grey 

shading. Food was available during the 2-h interval beginning 1 h after dark onset (interval 2; 

light grey shading). (A) On the first day of food restriction, the pattern of wheel running was 
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similar in saline- and 8-OH-DPAT-treated rats.  (B) On the middle day of food restriction, 

feeding anticipatory wheel running (during interval 1) was apparent in both groups. During 4 of 

the 6 dark-phase intervals, saline-treated rats ran more than 8-OH-DPAT-treated rats. (C) By the 

final day of food restriction, saline-treated rats displayed greater feeding anticipatory wheel 

running during intervals 1 and 11 (i.e., the two light phase intervals prior to food access) than 8-

OH-DPAT-treated rats. Throughout the dark phase, saline-treated rats ran more than 8-OH-

DPAT-treated rats.  
a
Greater than light-phase running (p < 0.05).  

b
Greater than light-phase 

interval 1 on the first day of food restriction (p < 0.05).  
c
Greater than 8-OH-DPAT-treated rats 

(p < 0.05).  Abbreviations: rev; revolutions, SAL; saline. 
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Fig. 10.  Cumulative weight lost on the first, middle, and last days of food restriction.  While 

progressive weight loss was observed in both groups, saline-treated rats had lost more weight 

than 8-OH-DPAT-treated rats on the first, middle and last days of food restriction.  
a
Greater than 

the first day of food restriction (p < 0.05).  
b
Greater than the first and second days of food 

restriction (p < 0.05).  
c
Less than saline-treated rats (p < 0.05).  Abbreviations: SAL; saline. 
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Fig. 11. The severity of ABA is attenuated by 8-OH-DPAT treatment. (A) Rats treated with 8-

OH-DPAT took longer to reach the 25% weight loss criterion than saline-treated rats. (B) Rats 

treated with 8-OH-DPAT lost less weight than saline-treated rats.  
a
Greater than saline-treated 

rats (p < 0.05).  
b
Less than saline-treated rats (p < 0.05). Abbreviations: SAL; saline. 

 

 

 

 

 

 

 

 

 



37 

day of recovery

w
e
ig

h
t 
g

a
in

 f
ro

m
 r

e
s
tr

ic
ti
o

n
 (

g
)

20

40

60

80

100

120

first middle last

a

b

SAL (
      

)
8-OH-DPAT (.......)

............

............

............

 

 

Fig. 12.  Cumulative weight gain in individual rats on the first, middle, and last days of the 

recovery phase.  Progressive weight gain was observed in all rats.  Saline- and 8-OH-DPAT-

treated rats gained similar amounts of weight on the first, middle and last days of recovery. The 

greater variability in weight gain on the middle and last days is likely related to individual 

differences in the latency to resume estrous cycles and, therefore, cyclic changes in body weight. 

Solid lines depict group means for saline-treated rats. Dotted lines depict group means for 8-OH-

DPAT-treated rats. 
a
Greater than the first day of recovery (p < 0.01).  

b
Greater than the first and 

second days of recovery (p < 0.01).  Abbreviations: SAL; saline. 
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CHAPTER 3 

 

 TREATMENT WITH THE 5-HT2C RECEPTOR ANTAGONIST, RS-102221, 

ATTENUATES THE DEVELOPMENT OF, AND RECOVERY FROM, ACTIVITY-

BASED ANOREXIA IN FEMALE RATS. 

 

 

 

1. Introduction 

  Anorexia nervosa is an eating disorder that affects primarily women (American 

Psychiatric Association, 1994). It is characterized by a refusal to maintain body weight, body 

image distortion, a fear of becoming overweight, and amenorrhea (American Psychiatric 

Association, 1994).  That anorexia nervosa is resistant to treatment and associated with a high 

incidence of relapse (American Psychiatric Association, 1994) suggests that biological factors, in 

addition to socio-cultural factors, are involved in the etiology of this disorder.  

It is well established that the serotonin (5-HT) system is involved in the normal control of 

food intake. For example, 5-HT exerts a potent anorexigenic effect in both human- and animal-

based studies (Foltin et al., 1996; Eckel et al., 2005; Rowland and Carlton, 1986; Rivera and 

Eckel, 2005), and deletion of the 5-HT2C postsynaptic receptor promotes adult-onset obesity in 

mice (Heisler et al., 1998; Nonogaki et al., 1998; Tecott et al., 1995). Interestingly, clinical 

research has revealed an association between altered 5-HT function and anorexia nervosa (Kaye 

et al., 1991; Kaye et al., 2003; Kaye et al., 2001).  In particular, persistent alterations of 5-HT 

activity have been demonstrated in long-term, weight-restored, anorexic women, relative to 

weight-matched control women (Kaye et al., 1991; Kaye et al., 2003). These studies suggest that 

elevated 5-HT activity could have contributed to the development of anorexia nervosa in these 

women.  In addition, some, but not all, genetic-based experiments have revealed gene 

polymorphisms in 5-HT receptors in women with anorexia nervosa (Nacmias et al., 1999; Klump 

and Gobrogge, 2005), but see (Sundaramurthy et al., 2000; Gorwood et al., 2002)).  However, 

genetic studies in anorexic women have been difficult to interpret due to both replication failures 

and limited sample sizes (reviewed in (Klump et al., 2005)).  Thus, additional research involving 
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animal models could prove extremely useful in deciphering the specific roles of various 5-HT 

receptor subtypes in the development of anorexia nervosa.  

Activity-based anorexia (ABA) is a well characterized animal model of anorexia nervosa.  

In this model, rats are housed with free access to running wheels while food access is restricted 

to 2 h per day.  This combination of food restriction and unlimited wheel access promotes many 

of the symptoms of anorexia nervosa including reduced caloric intake, rapid and sustained 

weight loss, hyperactivity, and estrous cycle disruptions (Atchley et al., 2005; Dixon et al., 2003; 

Watanabe et al., 1992).  Several groups have used this model to examine biological factors that 

may contribute to the development of anorexia nervosa.  In our laboratory, we demonstrated that 

the increase in 5-HT neurotransmission following treatment with the 5-HT releasing agent and 

re-uptake inhibitor, fenfluramine, increases susceptibility to ABA (Atchley et al., 2005).  We 

also demonstrated that decreased 5-HT neurotransmission following treatment with 8-OH-

DPAT, a drug that selectively activates 5-HT1A autoreceptors and, thereby, decreases the release 

of 5-HT in brain regions innervated by serotonergic raphe neurons (Hjorth and Sharp, 1991a), 

decreases susceptibility to ABA (Atchley and Eckel, 2006). To investigate one possible 

mechanism underlying 5-HT-mediated alterations in the development of ABA, we examined 

whether blockade of the postsynaptic 5-HT2C receptor attenuates the development of ABA in 

female rats in the present study.  This receptor subtype was examined because it plays an 

important role in the normal control of food intake (Heisler et al., 1998; Nonogaki et al., 1998), 

and it partially mediates fenfluramine-induced anorexia in free-fed rodents (Vickers et al., 2001; 

Hewitt et al., 2002; Vickers et al., 1999).  We hypothesized that if the 5-HT released by 

fenfluramine increased susceptibility to ABA by activating the 5-HT2C receptor, then blockade of 

the 5-HT2C receptor would decrease susceptibility to ABA.  To test this hypothesis, female rats 

were treated with a selective 5-HT2C receptor antagonist, RS-102221, while given free access to 

running wheels and restricted access to food. Susceptibility to ABA was assessed by monitoring 

food intake, running wheel activity, rate of weight loss, total weight loss, estrous cycle 

disruptions, and the subsequent recovery of body weight following cessation of the restricted-

feeding schedule. 

2. Methods 

2.1.  Animals and housing  
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Sixteen female Long-Evans rats (Charles River Breeding Laboratories, Raleigh, NC), 

weighing 219 ± 3 g at study onset, were housed individually in wire-mesh bottom cages 

connected to Wahmann running wheels (35 cm in diameter).  The running wheels were equipped 

with dipole magnets (DiLog Instruments, Tallahassee, FL) that signaled the occurrence of wheel 

revolutions. Outputs from the magnets were stored on a computer and custom-designed software 

(ESP 500; R. Henderson; Florida State University) was used to examine daily running wheel 

activity at specific intervals. The testing room was maintained at 20 ± 2°C on a 12:12 h 

light:dark schedule (dark onset = 1300 h).  Powdered rat chow (Purina 5001) was presented in 

food cups located in feeding niches that protruded from the cages. Papers were placed below the 

food cups to collect any food spillage. A computerized system was used to open and close a gate 

that limited access to the food cups to specific times. Throughout the experiment, food and water 

were freely available, except as noted below. Rats were adapted to the novel housing conditions 

prior to data collection.  Animal usage and all procedures were in compliance with the Florida 

State University Institutional Animal Care and Use Committee.   

2.2. Behavioral measures, body weight, and estrous cycles 

Food intake, wheel running, body weight, and stage of the estrous cycle were monitored 

daily. Between 1000 – 1100 h, food cups were weighed (± 0.1 g) and any food spillage was 

subtracted from the daily food intake measurement, wheel running was recorded (± 0.5 rev), rats 

were weighed (± 0.1 g), and vaginal cytology samples were collected. Stage of the estrous cycle 

(diestrus 1, diestrus 2, proestrus, or estrus) was then determined by examining the appearance 

and abundance of cells within each sample, as described previously (Eckel et al., 2000; Becker et 

al., 2005).  Using this strategy, proestrus included the light phase peak in estradiol secretion, and 

estrus included the subsequent dark phase when female rats ovulate and display increased sexual 

receptivity (Becker et al., 2005).  At study onset, all rats had displayed a minimum of 2 regular, 

4-day estrous cycles.  

2.3. Procedure   

The rats’ food intake, running wheel activity, body weight, and stage of the estrous cycle 

were monitored daily during baseline, restricted-feeding, and recovery test phases.  Beginning on 

diestrus 1, baseline measurements of food intake, running wheel activity, and body weight were 

monitored in free-fed rats across one estrous cycle. At the start of the next estrous cycle, rats 
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were assigned to one of two groups and daily access to food was restricted to 2 h, beginning 1 h 

after dark onset.  Throughout this restricted-feeding phase, rats received daily intraperitoneal 

(i.p.) injections of 2 mg/kg RS-102221 (Tocris, Ellisville, MI; n = 8) or 1 ml/kg physiological 

saline vehicle (n = 8) 40 min prior to food access. With our schedule of food restriction, the 

majority of rats display progressive, daily weight loss, but a small subset of rats (typically ~15%) 

are able to maintain their weight loss after 4-5 days of food restriction (Dixon et al., 2003; Eckel 

et al., 2005). As a result, food-restricted rats received daily RS-102221 or saline injections until 

they either displayed a 25% body weight loss or began to maintain their body weight, whichever 

occurred first.  Because severe, often fatal, gastric lesions develop following a 30% weight loss 

in this paradigm (Doerries et al., 1991; Lambert et al., 1993; Tsuda et al., 1982), rats were not 

allowed to progress beyond a 25% weight loss in the present study. Upon reaching the 25% 

weight loss/weight stabilization criterion, drug injections were terminated, rats were given free 

access to food, and recovery from ABA was assessed by monitoring daily food intake, wheel 

running, body weight, and vaginal cytology samples until individual rats displayed one regular 4-

day estrous cycle.   

2.4. Data analysis  

Data are presented as means ± SEM. During the baseline phase, group differences in 

mean daily food intake, wheel running, and body weight were assessed using two-tailed, 

independent t-tests.  During the restricted-feeding phase, rats reached the 25% weight 

loss/weight stabilization criterion at different times (range = 3-8 days). Thus, to permit statistical 

analysis of the restricted-feeding phase, daily food intake, running wheel activity, and weight 

loss were examined on the first, middle, and last days of food restriction for individual rats.  To 

examine running wheel activity in further detail, anticipatory wheel running, defined as wheel 

running during the 2 h prior to food access, was examined on the first, middle, and last day of 

food restriction in 6 saline-treated and 5 RS-102221-treated rats (technical problems with data 

collection prevented the analysis of anticipatory running in 2 saline-treated and 3 RS-102221-

treated rats). The middle day was defined as the median day of food restriction.  The last day was 

defined as either the day in which rats reached the 25% weight loss criterion or the first day of 

weight stabilization.  The effects of RS-102221 on daily food intake, wheel running, anticipatory 

wheel running, and weight loss were examined using mixed-design ANOVAs with drug 

treatment as the between-subject variable and day of food restriction as the within-subject 
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variable.  The severity of ABA was determined by the mean latency (in days) to reach the 25% 

weight loss/weight stabilization criterion for termination of the restricted-feeding schedule, the 

percentage of rats with estrous cycle disruptions at this time, and the total amount of weight lost 

during food restriction.  The number of days to reach the refeeding criterion was determined by 

either the actual number of restricted-feeding days or the first day of weight stabilization. Group 

differences in total weight loss and latency to reach the refeeding criterion were analyzed using 

one-tailed, independent t-tests.  A Chi-square analysis was used to examine group differences in 

estrous cycle disruptions.  During the recovery phase, group differences in mean daily food 

intake, wheel running, latency to regain body weight, and number of days to resume estrous 

cycles were analyzed using independent t-tests.  Tukey’s tests were used to investigate 

differences between means following significant (p < 0.05) main or interactive ANOVA effects.  

A power analysis of the data confirmed that a sufficient number of rats was used to detect an 

effect (power = 0.9338).   

3. Results  

3.1. Baseline phase  

Prior to food restriction and drug treatment, no significant group differences in mean 

daily food intake, wheel running, or body weight were detected, t(14) = 0.04 – 1.35, n.s.  (Table 

2).  All rats displayed regular 4-day estrous cycles.  

3.2. Restricted-feeding phase   

Analysis of food intake on the first, middle, and last days of food restriction revealed a 

main effect of day, F(2, 28) = 80.74, p < 0.00001 (Fig. 13). Regardless of drug treatment, all rats 

consumed progressively more food from the first to the last day of food restriction, ps< 0.05. 

Neither a main nor an interactive effect of drug treatment was detected.  

Running wheel activity during the restricted-feeding phase was influenced by a main 

effect of day, F(2,28) = 4.34, p < 0.05 (Fig. 14).  Regardless of drug treatment, all rats ran more 

on the middle day of food restriction, relative to the first day of food restriction, p < 0.05.  

Similarly, meal-anticipatory wheel running during the 2 h interval preceding food access was 

influenced by a main effect of day, F(2,18) = 24.88, p < 0.001 (Fig. 15).  Regardless of drug 

treatment, all rats displayed progressively greater meal-anticipatory wheel running from the first 

to the last day of food restriction (ps < 0.05).  There were no main or interactive effects of drug 

treatment on either daily or meal-anticipatory wheel running.  
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Weight loss during the restricted-feeding phase was influenced by day of food restriction, 

F(2,28) = 139.41, p < 0.00001 (Fig. 16).  All rats displayed a progressive increase in weight loss 

from the first to the last day of food restriction, ps < 0.05.   There were no main or interactive 

effects of drug treatment on weight loss. 

3.3. Severity of ABA 

The restricted-feeding schedule was terminated when individual rats displayed a 25% 

weight loss, or after weight stabilization, whichever occurred first. At this time, individual rats 

were returned to a free-feeding schedule.  Two of the 8 saline-treated rats and 4 of the 8 RS-

102221-treated rats, failed to lose 25% of their body weight and instead achieved weight 

stabilization.  The number of days to reach the free-feeding criterion was greater in RS-102221-

treated rats compared to saline-treated rats, t(14) = 1.82, p < 0.05. (Fig. 17A).  Although RS-

102221-treated rats lost weight more slowly than control rats, the total weight loss between 

groups failed to reach statistical significance, t(14) = 1.34, n.s. (Fig. 17B). No group differences 

in estrous cycle disruptions were detected (saline: 5 of 8 rats vs. RS-102221: 8 of 8 rats 

disrupted), χ2
 = 3.5, n.s.   

3.4. Recovery phase  

Following the return to a free-feeding schedule, no differences in either mean daily food 

intake or running wheel activity were detected between groups t(14) = 0.53 – 1.36, n.s (data not 

shown).  However, the number of days to body weight recovery was significantly lower in RS-

102221-treated rats, relative to saline treated rats, t(14) = 1.78, p < 0.05 (Fig. 17C).  The number 

of days to resumption of regular estrous cycles was similar in saline- and RS-102221-treated rats 

(8.0 ± 0.4 days vs. 8.5 ± 0.5 days, respectively), t(14) =  0.73, n.s.   By the final day of recovery, 

no differences in body weight were observed between saline- and RS-102221-treated groups 

(235.6 ± 4.8 g vs. 241.9 ± 5.1 g, respectively), t(14) = 0.89, n.s.  

4.  Discussion 

In the present study, we investigated whether blockade of the 5-HT2C receptor subtype 

attenuates the development of, or recovery from, ABA in female rats. To examine this 

hypothesis, rats were exposed to the ABA paradigm while receiving daily injections of either 

RS-102221, a highly selective 5-HT2C receptor antagonist (Knight et al., 2004; Bonhaus et al., 

1997) or saline vehicle, concurrent with food restriction.  We chose to examine the 5-HT2C 

receptor over other 5-HT receptor subtypes because it partially mediates the feeding-related 
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actions of fenfluramine (Clifton et al., 2000; Vickers et al., 1999; Vickers et al., 2001), a 5-HT 

agonist that, when administered concurrent with food restriction, accelerates the weight loss 

associated with ABA (Eckel et al., 2005).  Here, treatment with RS-102221 slowed the weight 

loss associated with ABA and increased the rate of weight gain during recovery from ABA (Fig. 

17).  Because RS-102221- and saline-treated rats displayed similar changes in food intake and 

running wheel activity throughout the restricted-feeding phase, the slower weight loss following 

RS-102221 treatment cannot be attributed to the drugs ability to modulate either caloric intake or 

locomotor activity in a running wheel. Thus, RS-102221 may slow the weight loss associated 

with ABA by affecting other forms of energy expenditure.   

During the restricted-feeding phase, RS-102221 treatment failed to modulate food intake. 

Although previous studies demonstrated that daily administration of RS-102221 increased food 

intake and body weight in both free feeding and 24-h food deprived rodents (Bonhaus et al., 

1997; Swart et al., 2001), we did not observe any evidence of an orexigenic effect of the drug 

here. It is possible that our schedule of food restriction masked RS-102221’s ability to increase 

food intake.  Indeed, this finding is consistent with our previous report that a similarly acting 

serotonergic drug did not increase food intake in female rats with ABA (Atchley et al., 2006).   

It is well established that increased daily wheel running in general, and feeding 

anticipatory wheel running in particular, is crucial for the development of ABA (Dwyer et al., 

1997; Beneke et al., 1995).  While these symptoms of ABA were observed in all rats, antagonism 

of the 5-HT2C receptor failed to modulate either daily or anticipatory wheel running during the 

restricted-feeding phase. This is consistent with a study involving free-fed rats in which 

treatment with RS-102221, at a dose similar to that used here, failed to influence short-term 

ambulation counts in a 60 min test (Bonhaus et al., 1997).  Similarly, in our previous study of the 

effect of 5-HT agonism on the development of ABA, daily treatment with fenfluramine did not 

affect running wheel activity (Atchley et al., 2005).  Because many of fenfluramine’s behavioral 

effects are partially mediated by the 5-HT2C receptor (Clifton et al., 2000; Vickers et al., 1999; 

Vickers et al., 2001), the lack of a role for this receptor subtype in modulating wheel running in 

this experiment may provide evidence for why we did not observe changes in wheel running in 

fenfluramine-treated rats in our previous study.  

Previously, we demonstrated that the weight loss associated with ABA is modulated by 

changes in 5-HT neurotransmission. In one study, a fenfluramine-induced increase in 5-HT 
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neurotransmission resulted in greater and more rapid weight loss than control rats (Atchley et al., 

2005). In a second study, the decrease in 5-HT neurotransmission following daily 8-OH-DPAT 

treatment slowed the rate of weight loss, relative to control rats (Atchley et al., 2006).  In both 

studies, changes in the rate of weight loss were not due to either the anorexigenic or the 

orexigenic effects of drug treatment.  Rather, metabolic or locomotor effects of the serotonergic 

drugs appeared to mediate the altered susceptibility to ABA.  Because RS-102221 did not affect 

either food intake or wheel running, metabolic effects must account for the slower weight loss 

observed here.  In free-fed rats, treatment with a 5-HT2C agonist produced hyperthermia 

(Mazzola-Pomietto et al., 1997), whereas treatment with a 5-HT2C antagonist attenuated the 

hyperthermia induced by the 5-HT agonist, m-CPP (Mazzola-Pomietto et al., 1997).  Thus, 

antagonism of the 5-HT2C receptor in this study may have resulted in reduced body temperature. 

Such an effect could provide a mechanism for the slower weight loss observed in RS-102221-

treated rats.  If fewer calories were required for RS-102221-treated rats to defend a lower body 

temperature, relative to saline-treated rats, this could have provided a protective effect against 

weight loss in the RS-102221-treated rats.  Further studies that measure core body temperature in 

RS-102221- and saline-treated rats exposed to the ABA paradigm should be conducted to verify 

this hypothesis.   

 Recovery from ABA was associated with pronounced hyperphagia in both groups, 

relative to baseline levels of food intake.  However, no hypoactivity was observed, suggesting 

that rats regained body weight by increasing energy intake rather than reducing locomotor 

activity.  While both groups displayed similar daily food intake and running wheel activity 

during recovery, RS-102221-treated rats regained body weight faster than saline-treated rats. 

This may be related to the fact that twice as many RS-102221-treated rats failed to reach the 25% 

body weight loss criterion than saline-treated rats. It is also possible that a carry over effect of 

RS-102221 treatment into the first few days of recovery hastened body weight gain. Either way, 

this finding supports our hypothesis that antagonism of the 5-HT2C receptor not only attenuates 

the weight loss associated with ABA, but also hastens the recovery of body weight following 

termination of the restricted-feeding schedule. 

 The present study provides the first evidence for the involvement of the 5-HT2C receptor 

in the development of ABA.  Here, we demonstrated that antagonism of the 5-HT2C receptor, 

induced by chronic administration of RS-102221, slowed the progressive weight loss associated 
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with ABA and hastened the subsequent recovery of body weight.  This supports our hypothesis 

that reduced 5-HT2C receptor activation attenuates the development of ABA.  Because 

antagonism of the 5-HT2C receptor did not decrease anticipatory wheel running, similar to that 

observed following 8-OH-DPAT treatment (Atchley et al., 2006), some other 5-HT receptor 

must mediate this effect. Future studies are necessary to elucidate which of the many 5-HT 

receptor subtypes mediate the weight loss associated with ABA.  
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Table 2. Baseline measures of food intake, running wheel activity, and body weight in saline- 

and RS-102221-treated female rats. 

________________________________________________________________________ 

         SAL   RS-102221 

________________________________________________________________________ 

Mean daily food intake (g)   21.9 ± 0.5  20.7 ± 0.8 

Mean daily wheel running (rev)  3959 ± 735  4061 ± 587 

Mean daily body weight (g)   224.0 ± 4.1  223.7 ± 5.2 

________________________________________________________________________ 

Data are means ± SEM.  Food intake, running wheel activity, and body weight did not differ 

between saline- and RS-102221-treated rats during the baseline phase. Abbreviations: SAL; 

saline, rev; revolutions. 
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Fig. 13.  Mean daily food intake on the first, middle, and last days of food restriction in saline- 

and RS-102221-treated rats.  Regardless of drug treatment, a progressive increase in food intake 

was observed from the first to the last day of food restriction.  *Last day > middle day > first day 

(p < 0.05). Abbreviations: SAL; saline. 
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Fig. 14.  Mean daily running wheel activity on the first, middle, and last days of food restriction 

in saline- and RS-102221-treated rats.  Regardless of drug treatment, wheel running on the 

middle day of food restriction was greater than wheel running on the first day of food restriction. 

*Middle day > first day (p < 0.05). Abbreviations: SAL; saline. 
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Fig. 15.  Mean daily anticipatory wheel running on the first, middle, and last days of food 

restriction in saline- and RS-102221-treated rats.  Anticipatory wheel running was defined as the 

total number of wheel revolutions (rev) during the 2 h period prior to daily food access. 

Regardless of drug treatment, a progressive increase in anticipatory wheel running was observed 

from the first to the last day of food restriction.  *Last day > middle day > first day (p < 0.05). 

Abbreviations: SAL; saline. 
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Fig. 16.  Mean daily body weight loss on the first, middle, and last days of food restriction in 

saline- and RS-102221-treated rats.  Regardless of drug treatment, a progressive increase in 

weight loss was observed from the first to the last day of food restriction.  *Last day > middle 

day > first day (p < 0.05). Abbreviations: SAL; saline. 
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Fig. 17. Severity of ABA in RS-102221- and saline-treated rats.  (A) During the restricted-

feeding phase, RS-102221-treated rats took longer to reach the weight loss criterion than saline-

treated rats.  (B) During this period, RS-102221- and saline-treated rats lost similar amounts of 

weight.  (C) During the recovery phase, RS-102221-treated rats regained weight faster than 

saline-treated rats.  *Group difference (p < 0.05).Abbreviations: SAL; saline. 
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CHAPTER 4 

 

 FENFLURAMINE-INDUCED C-FOS EXPRESSION IN FEMALE RATS WITH 

ACTIVITY-BASED ANOREXIA. 

 

 

1. Introduction 

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

given free access to running wheels while access to food is restricted to 1.5 or 2 h per day (Oudot 

et al., 1996; Dwyer et al., 1997; Doerries et al., 1991; Dixon et al., 2003).  This combination of 

food restriction and wheel access results in hyperactivity, reduced caloric intake, rapid and 

sustained weight loss, and estrous cycle disruptions (Watanabe et al., 1992; Dixon et al., 2003).  

Because the ABA model induces symptoms similar to those observed in anorexia nervosa, 

researchers have used this model to examine biological factors that may contribute to weight loss 

in women with anorexia nervosa. In a recent series of studies, we demonstrated that serotonin (5-

HT), a neurotransmitter system implicated in the physiological control of food intake and the 

regulation of body weight (Atchley et al., 2005), plays a role in the development of ABA. 

Female rats treated with fenfluramine (FEN), a 5-HT releaser/reuptake inhibitor, displayed more 

rapid weight loss than control rats (Atchley et al., 2006). Conversely, rats treated with either 8-

OH-DPAT, a drug that decreases the firing rate of 5-HT neurons, or RS-102221, a selective 5-

HT2C receptor antagonist, displayed less rapid weight loss than control rats (Atchley et al., 2006). 

Taken together, these studies provide the first evidence that alterations in 5-HT 

neurotransmission modulate the development of ABA in female rats. Currently, the neural 

mechanism underlying this action of 5-HT is unknown. Although ABA is a complex behavioral 

syndrome involving a dysregulation of both energy intake and energy expenditure, the 5-HT 

system appears to play a more primary role in the physiological control of energy intake. Thus, 

in investigating the neural mechanism by which 5-HT influences the development of ABA, it 

seems prudent to focus on brain regions implicated in the control of food intake.  

In normal weight rats, the consumption of a meal increases neuronal activity within a 

well-defined brain circuit, which includes the nucleus of the solitary tract (NTS), the 
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paraventricular nucleus of the hypothalamus (PVN), and the central nucleus of the amygdala 

(CeA) (Eckel and Geary, 2001; Eckel et al., 2002; Li et al., 1996). Several studies suggest that 

activation of this circuit plays an important role in the control of meal size and, therefore, the 

regulation of body weight. For example, a similar brain circuit is activated by acute 

administration of cholecystokinin or FEN, two anorexigenic compounds that function to signal 

meal termination (Eckel et al., 2002; Li et al., 1996). These studies reveal a mechanism that 

could underlie the rapid weight loss associated with ABA as well as FEN’s ability to modulate 

ABA-induced weight loss. That is, over-activation of neurons within one or more of the FEN-

sensitive brain areas that regulate meal size could mediate the weight loss associated with ABA. 

To test this hypothesis, rats were treated with FEN and neuronal activation within brain regions 

implicated in the control of meal size was assessed at different stages of weight loss following 

exposure to the ABA paradigm. Immunocytochemical detection of the accumulation of c-Fos, 

the protein product of the immediate-early gene, c-fos, was used to quantify neuronal activation.  

This method has been used extensively in previous studies to examine neuronal activation in 

response to FEN (Li et al., 1996; Rowland et al., 2000; Javed et al., 1997; Javed et al., 1999).  

Although FEN increases c-Fos expression in multiple brain areas we limited our analysis to areas 

that are implicated in the control of food intake, including the NTS, PVN, arcuate nucleus (Arc), 

and CeA.  We hypothesized that FEN-induced c-Fos expression would increase as a function of 

weight loss in rats with ABA. 

2. Methods 

2.1.  Animals and housing  

Thirty-nine female Long-Evans rats (Charles River Breeding Laboratories, Raleigh, NC), 

weighing 221 ± 3.5 g at study onset, were housed individually in cages connected to Wahmann 

running wheels (35 cm in diameter).  The running wheels were equipped with dipole magnets 

(DiLog Instruments, Tallahassee, FL) which signaled the occurrence of wheel revolutions. 

Outputs from the magnets were stored on a computer and custom-designed software (ESP 500; 

R. Henderson; Florida State University) was used to examine daily running wheel activity.  The 

testing room was maintained at 20 ± 2°C on a 12:12 h light:dark schedule (dark onset = 1300 h).  

Powdered rat chow (Purina 5001) was presented in spill-resistant food cups located in feeding 

niches that protruded from the cages.  A computerized system was used to open and close a gate 

that limited access to the food cups to specific times.  Throughout the experiment, food and 
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water were freely available, except as noted below.  Rats were adapted to the novel housing 

conditions prior to data collection.  Animal usage and all procedures were in compliance with the 

Florida State University Institutional Animal Care and Use Committee.   

2.2. Behavioral measures, body weight, and estrous cycles 

Food intake, wheel running, body weight, and stage of the estrous cycle were monitored 

daily. Between 1000 – 1100 h, food cups were weighed (± 0.1 g) and any spillage was subtracted 

from the daily food intake measurement, wheel running was recorded (± 0.5 rev), rats were 

weighed (± 0.1 g), and vaginal cytology samples were collected. Stage of the estrous cycle 

(diestrus 1, diestrus 2, proestrus, or estrus) was then determined by examining the appearance 

and abundance of cells within each sample, as described previously (Eckel et al., 2000; Becker et 

al., 2005).  Using this strategy, proestrus included the light phase peak in estradiol secretion, and 

estrus included the subsequent dark phase when female rats ovulate and display increased sexual 

receptivity (Becker et al., 2005).  At study onset, all rats had displayed a minimum of 2 regular, 

4-day estrous cycles.  

2.3. Procedure  

Behavioral data were collected during baseline and restricted-feeding phases (Fig. 18). 

Beginning on diestrus 1, baseline measurements of food intake, running wheel activity, and body 

weight were monitored daily, from 0900 – 1000 h, in free-fed rats across one 4-day estrous 

cycle. Throughout this baseline phase, rats received daily intraperitoneal (i.p.) injections of 1 

ml/kg physiological saline vehicle at 1000 h. This served to adapt the rats to i.p. injections prior 

to the restricted-feeding phase.  At the start of the next estrous cycle (all rats in diestrus 1), daily 

access to food was restricted to a 2-h period, beginning 1 h after dark onset (i.e, from 1400 -1600 

h). Using a between-subjects design, rats were subjected to this restricted-feeding phase until 

they lost either 0, 10, or 25% of their baseline body weight. Upon reaching these weight loss 

criteria, individual rats received i.p. injections of either 0.2 ml physiological saline or 5 mg/kg 

FEN (Sigma Chemical, Natick) at 1000 h (n = 5 – 8 per drug treatment/WL group). In previous 

studies involving free-fed rats, this dose of FEN produced a robust increase in c-Fos expression 

that was maximal at 2 h following drug treatment (Li et al., 1996; Javed et al., 1997; Javed et al., 

1999).  

 2.4  Perfusion and tissue collection 
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 Two h after injection of either saline or FEN, rats received i.p. injections of an overdose 

(65 mg/kg) of pentobarbital sodium (Nembutal, Butler, Columbus, OH) and were then 

transcardially perfused with 100 ml of isotonic saline followed by 400 ml of 4% 

paraformaldehyde in 0.1 M phosphate buffer.  The brains were then dissected, blocked, postfixed 

for 2 h in paraformaldehyde, and cryoprotected in 30% sucrose at 4°C for 2-3 days prior to 

sectioning.  Hindbrain blocks were mounted on a freezing, sliding microtome and 60 consecutive 

40 µm coronal sections were cut, beginning at the level of the obex.  This area corresponds to the 

regions between ~14.4 and ~12.0 mm posterior to bregma in the atlas of Paxinos and Watson 

(Paxinos and Watson, 1998).  Forebrain blocks were similarly into 90 coronal sections from the 

optic chiasm (0.1 mm posterior to bregma) through the median eminence (4.1 mm posterior to 

bregma).  These sections included the entire PVN, VMH, Arc, and CeA. 

2.5 Immunocytochemistry 

 Every second hindbrain section and every fourth forebrain section were processed for c-

Fos-like immunoreactivity.  Free-floating tissue sections were washed in 0.05 M Tris-NaCl 

(TBS) for 15 min, incubated in 0.5 % H2O2 for 30 min, washed in TBS for 15 min, blocked in 

TBS with 0.5% Trition-X 100 and 10% Normal Goat Serum (NGS) for 1 h., and incubated in 

rabbit polyclonal anti-c-Fos peptide antisera (SC-52, Santa Cruz) diluted 1:30,000 in TBS with 

0.5 % Triton-X 100 and 2% NGS for 18 h at 4°C.  Sections were then incubated in primary 

antibody for 1 h a room temperature, washed in TBS with 0.5 % Triton-X 100 and 2% NGS for 

15 min, incubated for 2 h at room temperature with a biotinylated anti-rabbit goat antibody 

(Vector Laboratories) diluted 1:300 in TBS with 0.5 % Triton-X 100 and 2% NGS, washed in 

TBS with 0.5 % Triton-X 100 and 2% NGS for 10 min, washed in TBS for 10 min, and 

incubated in an avidin-biotin complex (Vectastain ABC Elite Kit, Vector Laboratories) diluted 

1:50 in TBS.  Antibody complexes were visualized by immersing the tissue in Nickel-intensified 

2% diaminobenzidine (Vector Laboratories) for 5 min.  This reaction was stopped by rinsing the 

sections in TBS.  Sections were then mounted on microscope slides and coverslipped.  

2.6 Quantification of c-Fos-like immunoreactivity 

 The presence of c-Fos-like immunoreactivity was quantified using Image-Pro Plus 

software (V3.0, MediaCybernetics, Gaithersberg, MD).  A constant set of threshold criteria 

based on object density and object size was used to identify c-Fos-positive cells containing dark, 

punctuate, nuclear staining. c-Fos-like immunoreactivity was examined in four regions of the 
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NTS: caudal NTS (cNTS), including all sections caudal to the AP; subpostremal NTS (spNTS), 

including sections in which the AP was visible; intermediate NTS (iNTS), including sections 

rostral to the AP in which the NTS abutted the fourth ventricle; and rostral NTS (rNTS), 

including sections in which the NTS diverged from the fourth ventricle.  Every other hemisection 

through each of these regions of the NTS was quantified.  In each section, the medial-lateral and 

dorsal-ventral borders of the NTS were delineated based on the templates contained in the 

Paxinos and Watson’s atlas (Paxinos et al., 1998), and only c-Fos-positive cells within these 

borders were counted.  Every fourth hemisection through the PVN, VMH, Arc, and CeA was 

also quantified.  The borders of these nuclei were similarly defined using anatomical landmarks, 

and only c-Fos-positive cells within these borders were counted.  

2.4. Data analysis 

Data are presented as means ± SEM.  During the baseline phase, mean daily food intake, 

running wheel activity, and body weight were analyzed using two-factor ANOVAs (weight loss 

(0, 10, or 25%) x drug treatment (saline or FEN)).  Differences in total weight loss, percent body 

weight loss, and number of days to reach the weight loss criterion was determined using two-

factor ANOVAs (weight loss (0, 10, or 25%) x drug treatment (saline or FEN)).  During the 

restricted-feeding phase, two-factor ANOVAs (weight loss (10 or 25%) x drug treatment (saline 

or FEN)) were used to analyze mean daily food intake and running wheel activity.  Because rats 

in the two 0% WL groups were perfused on the first day of food restriction, prior to food access, 

analyses of food intake and running wheel activity during the food restriction phase were limited 

to rats in the 10% and 25% WL groups.  Differences in the total number of c-Fos-positive cells 

within every other forebrain and hindbrain section were analyzed using two-factor ANOVAs. 

When significant effects were detected by ANOVA (p < 0.05), differences between individual 

means were examined with Newman-Keuls multiple-comparison test. 

3. Results  

3.1 Behavioral measures 

3.1.1. Baseline phase  

Prior to food restriction, no significant main or interactive effects of group or drug 

treatment on mean daily food intake or wheel running were detected, F values = 0.04 – 1.21, p = 

0.11 – 1.51, n.s., respectively (Table 3). On the last day of the baseline phase, body weights were 
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similar between groups (data not shown) and all rats displayed regular 4-day estrous cycles.   

3.1.2. Severity of ABA 

The restricted-feeding schedule was terminated when individual rats displayed a 0%, 

10%, or 25% weight loss.  This took 0 days for the 0% weight loss groups, 1-2 days for the 10% 

weight loss groups, and 3–8 days in the 25% weight loss groups.  As expected, total weight loss 

was influenced by a main effect of group, F(2,33) = 187.67, p < 0.001.  Rats in the 25% WL 

groups lost more weight than rats in the 0 and 10% WL groups (p < 0.05), and rats in the 10% 

WL group lost more weight than rats in the 0% WL group (p < 0.05; Table 4). 

3.2. Caudal brain stem c-Fos expression 

 Within the each subregion of the NTS, FEN treatment increased c-Fos expression, 

relative to that observed following saline treatment. This FEN-induced increase in cFos 

expression was maximal in the cNTS, spNTS, and iNTS, and minimal in the rNTS (Fig. 19). 

cFos expression in the cNTS was influenced by an interactive effect of weight loss and drug 

treatment, F(2,33) = 3.52, p < 0.05 (Fig. 20A).  Regardless of body weight loss, an increase in 

cFos expression was observed in FEN-treated rats, relative to saline-treated rats (ps < 0.05). In 

FEN-treated rats, greater cFos expression was observed following 0 and 25% weight loss, 

relative to that observed following 10% weight loss (p < 0.05). In saline-treated rats, an increase 

in cFos expression was only observed following 25% weight loss (p < 0.05). cFos expression in 

the spNTS, iNTS, and rNTS was influenced by a main effect of drug treatment, F(1,33) = 8.88-

53.75, ps < 0.05-0.001). In the spNTS (Fig. 20B), an increase in cFos expression was observed in 

FEN-treated rats, relative to saline-treated rats, following 0 and 10% weight loss (ps < 0.05). No 

group differences in spNTS cFos expression were detected in saline-treated rats (Fig. 20B). In 

the iNTS (Fig. 20C), an increase in cFos expression was observed in FEN-treated rats, relative to 

saline-treated rats, regardless of weight loss (ps < 0.05). In FEN-treated rats, greater cFos 

expression was observed following a 25% weight loss, relative to a 10% weight loss (p < 0.05). 

No group differences in iNTS cFos expression were detected in saline-treated rats.  In the rNTS 

(Fig. 20D), an increase in cFos expression was observed in FEN-treated rats, relative to saline-

treated rats, regardless of body weight loss (ps < 0.05). 

3.3.  Forebrain c-Fos expression 

 FEN treatment increased cFos expression within each of our targeted forebrain regions, 

relative to that observed following saline treatment (Fig. 21). Statistical analyses revealed that 
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cFos expression in the CeA was influenced by a main effect of drug treatment, F(1,33) = 35.23, 

p < 0.001 (Fig. 5A).  An increase in cFos expression was observed in FEN-treated rats, relative 

to saline-treated rats, following both 0 and 25% body weight loss (ps < 0.05). cFos expression in 

the Arc was influenced by a main effect of weight loss, F(2,33) = 15.55, p < 0.001 (Fig. 5B).  

Regardless of drug treatment, greater cFos expression was observed following a 25% weight 

loss, relative to either a 0 or 10% weight loss (ps < 0.05). Although there was a tendency for 

increased cFos expression in the PVN of FEN-treated rats, relative to saline-treated rats, this 

failed to reach statistical significance, F(1,33) = 1.30, n.s. (Fig. 5C). As expected, FEN treatment 

failed to influence cFos expression in the VMH, our control brain region (Fig. 5D). 

4.  Discussion 

Previously, FEN treatment, concurrent with food restriction, increased the weight loss 

associated with ABA in male and female rats (Atchley et al., 2005; Rieg et al., 1994b).  These 

studies are consistent with human literature suggesting that increased 5-HT activity plays a role 

in the development of anorexia nervosa in women (Kaye et al., 1991; Kaye, 2004).  Here, we 

used c-Fos immunocytochemistry to investigate the hypothesis that weight loss associated with 

ABA would affect neuronal activation in response to an increase in 5-HT neurotransmission 

following acute administration of FEN, a 5-HT releasing agent and reuptake inhibitor.  In the 

NTS, both the weight loss associated with ABA and acute FEN treatment increased c-Fos-like 

immunoreactivity.  In the forebrain, ABA-associated weight loss increased c-Fos expression in 

the Arc and acute FEN treatment increased c-Fos expression in the CeA.  Our hypothesis was 

partially supported in the cNTS where weight loss and fenfluramine-treatment interacted to 

influence c-Fos expression.  These results suggest that although rats with ABA are in a state of 

severe negative energy balance, they are still susceptible to satiety signals, thus providing a 

potential mechanism for weight loss in this paradigm.   

In the present study, FEN increased c-Fos expression in the NTS and CeA of female rats. 

In the NTS, c-Fos expression was increased in each subregion examined.  Increased c-Fos 

expression after FEN treatment is consistent with previous reports of FEN-induced c-Fos 

expression in free-fed male rats (Rowland et al., 2000; Li et al., 1996).  Male rats treated with 

either 2 or 5 mg/kg FEN had increased c-Fos expression in the bed nucleus of the stria 

terminalus, parabrachial nucleus, caudate-putamen, PVN, CeA, and NTS, among other regions 

(Li et al., 1996).  Here we focused on those areas implicated in the physiological control of food 
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intake.  Like Li & Rowland (1996), we observed increased c-Fos expression in the CeA and NTS 

of FEN-treated rats.  However, we did not observe FEN-induced c-Fos expression in the PVN.  

This could be due to differences in several factors including experimental design or sex of the 

rat. However, it should be noted that there was considerable variability in PVN c-Fos expression 

in our rats, thus further experiments using more rats may confirm Li & Rowland’s results.  

Because the cNTS, iNTS, and spNTS receive negative-feedback signals from the gastrointestinal 

tract that signal satiety (Yamamoto and Sawa, 2000; Fraser et al., 1995), it is not surprising that 

5-HT induced robust c-Fos expression in these areas.  Considerably less cFos expression was 

observed in the rNTS, a subregion of the NTS that primarily receives input about taste from the 

tongue (Yamamoto et al., 2000). This result was expected since rats did not have access to food 

and, therefore, did not have any gustatory stimulation, prior to perfusion. Previously, acute 

administration of CCK was found to induce cFos expression in the cNTS, spNTS and iNTS of 

free-fed female rats (Eckel et al., 2002).  The findings in the present experiment are consistent 

with CCK-induced c-Fos expression and provide further evidence that the 5-HT system signals 

satiety in a manner similar to the CCK system.  In addition, FEN-induced c-Fos expression in the 

NTS may be responsible for the increased c-Fos expression observed in the CeA.  Because the 

NTS sends direct and indirect projections to the CeA (Geering and Loewy, 2006), neurons in the 

CeA may be activated by efferents originating in the NTS.  As expected, FEN failed to stimulate 

c-Fos expression in the VMH, the control brain region.  This result is consistent with a previous 

report of sparse FEN-induced c-Fos expression in this area (Li et al., 1996; Javed et al., 1997).  

This finding confirms that the c-Fos expression in the brain regions examined were specific 

effects and not due to a generalized non-specific increase in neuronal activity.    

 Interestingly, weight loss modulated FEN-induced c-Fos expression in the NTS.  Rats 

that lost 10% of their body weight had decreased FEN-induced c-Fos expression in the cNTS and 

iNTS compared to rats in the 0% weight loss group.  Because FEN decreases food intake (Rivera 

et al., 2005; Eckel et al., 2005; Rowland, 1986), and rats in the ABA paradigm are food 

restricted, it is possible that this decreased c-Fos expression following 10% weight loss 

represents a compensatory mechanism to prevent FEN-induced anorexia and, therefore, further 

weight loss.  Since greater c-Fos expression would be associated with a stronger satiety signal, a 

decrease in c-Fos expression following 10% weight loss could be associated with less satiation.  

A previous experiment examined c-Fos expression in response to the 5-HT agonist fluoxetine in 
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fasted (18 h food deprivation) and fed (14 h food deprivation followed by 4 h food access) rats 

(Fraga et al., 2005).  In this experiment, fluoxetine-induced c-Fos expression was increased in 

the fasted state in several brain areas including the PVN and VMH, but was decreased in the 

fasted state in the Arc, dorsal raphe nucleus, medial amygdala, and locus coeruleus.  In other 

brain regions including the NTS and CeA, no changes in fluoxetine-induced cFos expression 

were observed in the fasting state compared to the feeding state (Fraga et al., 2005).  Because 

rats in the 10% weight loss group generally reached this weight loss criterion within the first one 

to two days of food restriction, this suggests that their metabolic state was similar to the fasted 

rats in Fraga et al’s 2005 report.  However, in our experiment we observed decreased FEN-

induced c-Fos expression in the NTS and no change in c-Fos expression in the CeA of rats in the 

10% weight loss group.  One reason for these differences may be the mechanisms of drug action.  

FEN both releases 5-HT from the presynaptic terminal and prevents its reuptake (Rothman and 

Baumann, 2002), whereas fluoxetine acts solely as a reuptake inhibitor (Hyttel, 1994).  In 

addition, our rats were not allowed to consume a meal prior to perfusions.  Because feeding 

induces c-Fos expression (Eckel et al., 2001), the fed rats in the previous report (Fraga et al., 

2005) may have elevated c-Fos expression compared to rats in the 0% weight loss condition in 

the present study.  This difference in feeding state during the baseline condition (i.e., 0% weight 

loss or “fed” condition) makes comparisons between the two experiments difficult.    

FEN-treated rats in the 25% weight loss condition had levels of c-Fos expression that 

were similar to those in the 0% weight loss condition in the NTS.  This suggests that neurons in 

this area were equally sensitive to FEN prior to weight loss and after substantial weight loss.  

Thus, any compensatory mechanism that was present after 1 – 2 days in the ABA paradigm (i.e., 

during the 10% weight loss condition) to reduce neuronal activation to FEN, was no longer 

present after several days in the ABA paradigm (i.e., after 25% weight loss).  The loss of this 

compensatory mechanism may be one explanation for the inability of rats in the ABA paradigm 

to effectively regulate their body weight.  Interestingly, previous reports have demonstrated that 

rats food restricted for either 1 week (Haleem and Haider, 1996) or 4 weeks (Haider and Haleem, 

2000) have decreased 5-HT concentration in the brain. This suggests that the rats in our 

experiment had decreased 5-HT concentration as well.  Thus, FEN may be interacting with other 

neurotransmitter systems to activate neurons in the NTS in rats that have lost 25% of their body 

weight.  That FEN interacts with other neurotransmitter systems in the NTS is consistent with a 
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previous report in which pretreatment with 5-HT depleting drugs did not affect FEN-induced c-

Fos expression in the NTS or amygdala (Javed et al., 1997). An alternative explanation for the 

increased c-Fos expression in the 25% weight loss group may be anticipatory-related c-Fos 

expression.  By the final day of food restriction, it is likely that the rats in the 25% weight loss 

group had begun to anticipate the meal and display anticipatory behaviors such as increased 

wheel running prior to food access.  Because rats in the 10% weight loss group were only in the 

paradigm for one to two days, they may not have developed this anticipatory running.  Although 

perfusions were performed prior to the generally accepted start of anticipatory running (~2 h 

prior to food access (Morse et al., 1995; Atchley et al., 2006), it is possible that some 

anticipatory activity had begun to occur prior to perfusions in rats with 25% weight loss.  

Because running wheel activity increases c-Fos expression in the NTS (Ichiyama et al., 2002), 

this anticipatory activity may have increased c-Fos expression in rats with 25% weight loss.  

Anticipation of the meal alone is not likely to have resulted in increased c-Fos expression.  A 

previous report demonstrated that in rats maintained on a food restriction schedule similar to that 

used in the present experiment, anticipation of a meal did not result in increased c-Fos expression 

in the NTS (Emond and Weingarten, 1995). As in previous studies (Li et al., 1996; Rowland et 

al., 2000), FEN treatment increased c-Fos expression in the CeA.  However, weight loss did not 

modulate FEN-induced c-Fos-like immunoreactivity.  This result may be due to the fact that the 

CeA is a “downstream” structure in this feeding circuit.  That the NTS, but not the CeA, was 

affected by weight loss is consistent with a previous report that have demonstrated weight loss 

induced changes in mRNA expression in first-order neurons but no change or fewer changes in 

second and third order neurons (de Rijke et al., 2005).    

Unlike previous reports, we did not detect increased FEN-induced c-Fos expression in the 

PVN.  This may be due to the high variability of c-Fos-like immunoreactivity we observed in the 

PVN of FEN-treated rats.  We also did not observe weight loss induced changes in c-Fos 

expression in the PVN.  Because of the high variability in this study, future experiments should 

be conducted to determine how exposure to the ABA paradigm affects c-Fos-like 

immunoreactivity in response to a 5-HT agonist in the PVN.   

As expected, no FEN-induced c-Fos expression was observed in the VMH.  This is 

consistent with previous reports that demonstrated little to no c-Fos expression in this area after 

FEN treatment (Li et al., 1996; Javed et al., 1997).  In addition, weight loss did not result in 
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increased c-Fos expression in this area.  Thus, although the VMH plays a role in the control of 

food intake and body weight regulation (for review (King, 2006)), it does not appear to be 

affected by the weight loss associated with ABA. 

Weight loss, but not FEN treatment, increased c-Fos expression in the Arc.  This result is 

consistent with previous reports of increased Arc c-Fos expression after food restriction (Carr et 

al., 1998).  In addition, in rats with cancer-induced cachexia, a condition in which body weight 

regulation is disrupted and food intake decreases despite a negative energy balance, c-Fos 

expression is increased in several forebrain areas (Konsman and Blomqvist, 2005).  Together, 

these data suggest that long-term weight loss associated with decreased food intake and a 

negative energy balance increases Arc activation.  In previous studies, exposure to the ABA 

paradigm resulted in increased expression of orexigenic neuropeptides in the Arc (de Rijke et al., 

2005).  Thus, it is possible that the increased c-Fos expression observed here is due to orexigenic 

neurons that are activated in an attempt to increase food intake.     

Here, we provide the first evidence for weight loss induced modulation of neuronal 

activation in response to FEN.  Our results suggest that the NTS, Arc, and CeA may be important 

areas to examine further.  In addition, we provide a mechanism by which rats in the ABA 

paradigm may lose the ability to regulate their body weight.  Further experiments should be 

conducted to determine the phenotype of those neurons activated in this paradigm.  This 

information may lead to potential targets for drug treatments that aim to reverse this weight loss 

associated with anorexia nervosa. 
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Table 3. Baseline measures of food intake and running wheel activity. 

______________________________________________________________________________ 

           0% WL                         10% WL                     25% WL 

   SAL            FEN              SAL              FEN                SAL            FEN 

______________________________________________________________________________ 

Food intake (g)       24.1 ± 2.3       26.1 ± 1.1      23.9 ± 1.9      24.5 ± 1.4        23.6 ± 0.6        21.7±1.1 

RW activity (rev)  6695 ± 2116   6985 ± 897    5200 ± 1325   4243 ± 1309    7386 ± 1353   6612 ± 1371 

______________________________________________________________________________ 

Data are means ± SEM. Food intake and running wheel activity did not differ between groups 

during the baseline phase. Abbreviations: WL; weight loss, SAL; saline, FEN; fenfluramine, 

RW; running wheel, rev; revolutions. 
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Table 4. Total weight loss during the food restriction phase. 

_____________________________________________________________________________________ 

                      0% WL                   10% WL                             25%WL 

                                SAL            FEN              SAL             FEN                   SAL            FEN 

_____________________________________________________________________________________ 

Weight change (g)   +5.2 ± 1.3   +1.7 ± 0.9        -25.0 ± 1.4
+   

-29.0 ± 1.9
+
      -53.3 ± 3.3*

+
  -51.3 ± 3.9*

+
 

_____________________________________________________________________________________ 

Data are means ± SEM. Total weight loss and percent weight loss differ between groups during 

the food restriction phase. Abbreviations: SAL; saline, FEN; fenfluramine, WL; weight loss. 
+
Greater than the 0% weight loss groups.  *Greater than the 10% weight loss groups. 
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Fig. 18.  Summary of the experimental paradigm.  During the baseline phase, rats had free access 

to food and running wheels for 1 estrous cycle (4 days). Rats were injected with saline 3 h prior 

to dark onset.  During the restricted-feeding phase, rats had free access to running wheels and 

food was restricted to 2 h/day. Rats received injections of saline 3 h prior to dark onset on each 

day of food restriction.  Upon reaching their weight loss criterion, rats were injected with saline 

or 5.0 mg/kg FEN 3 h prior to dark onset.  Two h after saline or FEN treatment rats were 

perfused and brains were collected for c-Fos immunocytochemistry.   
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Fig. 19.  Representative photomicrographs of coronal hemisections through the nucleus of the 

solitary tract (NTS).  Following 0% weight loss, FEN increased c-Fos expression was greater in 

the cNTS, spNTS, iNTS, and rNTS (B, D, F, and H), relative to that observed in the same NTS 

subregions following saline treatment (A, C, E, and G).   Abbreviations: SAL; saline; FEN; 

fenfluramine, cNTS; caudal NTS, spNTS; subpostremal NTS, iNTS; intermediate NTS, rNTS; 

rostral NTS, AP; area potrema, cc; central canal, IV; fourth ventricle, sol; solitary tract. 

Magnification: 10x. 
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Fig. 20. Effect of FEN treatment and weight loss on c-Fos expression within each subregion of 

the NTS.  Data are means ± SEM.  FEN treatment increased cFos expression maximally in the 

cNTS, spNTS, and iNTS, and minimally in the rNTS. (A) In cNTS, FEN-induced cFos 

expression was greater following a 0 and 25% weight loss, relative to a 10% weight loss. In 

addition, cFos expression was increased in saline-treated rats following a 25% weight loss. (B) In 

the spNTS, FEN-induced c-Fos expression was greater than saline-induced c-Fos expression 

following 0 and 10% weight loss. No group differences cFos expression were detected in saline-

treated rats. (C) In the iNTS, a greater increase in cFos expression was observed in FEN-treated 

rats following 25% weight loss compared to 10% weight loss. No group differences in c-Fos 

expression were detected in saline-treated rats.  (D)  In the rNTS, an increase in cFos expression 

was observed in FEN-treated rats, relative to saline-treated rats, regardless of body weight loss. 
+
Different than other weight loss groups that were given the same drug treatment (P < 0.05). 

*Fenfluramine greater than saline, (P < 0.05). Abbreviations: SAL; saline; FEN; fenfluramine. 
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Fig. 21. Representative photomicrographs of coronal hemisections through the central nucleus of 

the amygdala (CeA), arcuate nucleus (ARC), and paraventricular nucleus (PVN).  Following 0% 

weight loss, FEN increased c-Fos expression in the CeA, Arc, and PVN (B, D, and F), relative to 

that observed in the same brain areas following saline treatment (A, C, and E).  Abbreviations: 

SAL; saline; FEN; fenfluramine, III; third ventricle. Magnification: 10x. 
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Fig. 22.  Effect of FEN treatment and weight loss on c-Fos expression within the CeA, ARC, 

PVN, and VMH.  Data are means ± SEM. (A)  In the CeA, FEN-induced cFos expression was 

greater following a 0 and 25% weight loss, relative to saline-induced c-Fos expression. (B) In the 

ARC, greater cFos expression was observed following a 25% weight loss, relative to either a 0 or 

10% weight loss in FEN- and saline-treated rats.  (C) There was a trend for increased cFos 

expression in the PVN of FEN-treated rats, relative to saline-treated rats.  (D) In the VMH, FEN 

treatment did not influence cFos expression.  
+
Different than other weight loss groups that were 

given the same drug treatment (P < 0.05). *Fenfluramine greater than saline, (P < 0.05). 

Abbreviations: SAL; saline; FEN; fenfluramine. 
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CHAPTER 5 

 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

 Here, we examined the role of the 5-HT system in activity-based anorexia.  Experiment 1 

demonstrated that an overall decrease in serotonin activity, by treatment with 8-OH-DPAT, 

decreased the development of ABA.  This effect was mediated by a failure to increase wheel 

running in general, and anticipatory wheel running in particular, during the food restriction phase 

in 8-OH-DPAT-treated rats.  In Experiment 2, antagonism of the 5-HT2C receptor, by treatment 

with RS-102221, slowed the weight loss associated with ABA.   Although RS-102221-treated 

rats lost weight more slowly than saline-treated rats, food intake and wheel running during food 

restriction was similar between the groups.  This suggests that changes in themoregulation or 

some other metabolic process mediated the effects of RS-102221.  These studies provide the first 

evidence that antagonism of 5-HT activity attenuates development of ABA.  Because changes in 

energy expenditure mediated these effects, researchers should continue to investigate 

mechanisms to reduce energy expenditure in anorexic women.  In Experiment 3, fenfluramine-

induced c-Fos expression was examined in rats that were allowed to lose either 0, 10, or 25% of 

their weight in the ABA paradigm.  Fenfluramine increased c-Fos expression in the NTS and 

CeA.  Interestingly, rats that lost 25% of their body weight had similar fenfluramine-induced c-

Fos expression as rats in the control (0%) weight loss group.  This result suggests that, despite a 

negative energy balance and drastic weight loss, rats with ABA are still sensitive to satiety 

signals. This could provide a potential mechanism for the weight loss associated with ABA.  

Weight loss alone also increased c-Fos expression in the NTS and Arc.  It is possible that weight 

loss activated neurons in the Arc that stimulate food intake as a compensatory mechanism.  

However, such a mechanism does not prevent the weight loss associated with ABA, suggesting 

that those factors influencing the development of ABA outweigh this compensatory mechanism.   

 Because manipulation of the 5-HT system affects the development of ABA, future 

experiments should be conducted to further elucidate the mechanisms of serotonin’s actions.  For 

example, because 8-OH-DPAT decreased wheel running in rats with ABA and antagonism of the 
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5-HT2C receptor did not affect wheel running, this suggests that another 5-HT receptor is 

responsible for this effect.  Thus, future research should examine how activation and antagonism 

of other 5-HT receptor subtypes affect development of ABA.  In addition, it will be necessary 

determine what type of neurons 5-HT is affecting in rats with ABA.  This can be examined by 

conducting double-labeling experiments.   

 In conclusion, the present series of experiments demonstrate a role for the 5-HT system 

in the development of ABA.  These results are consistent with studies of women with anorexia 

nervosa that suggest that the 5-HT system is dysregulated in these women.  These similarities 

provide further validation of ABA as an animal model of anorexia nervosa.  As such, future 

research using the ABA model should provide valuable insight into the biological aspects of 

anorexia nervosa. 
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