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Abstract
Serotonergic dysregulation is thought to underlie much of the pathology in bulimia nervosa (BN).
The purpose of this review is to expand the serotonergic model by incorporating specific and
nonspecific contributions of estrogens to the development and maintenance of bulimic pathology
in order to guide research from molecular genetics to novel therapeutics for BN. Special emphasis
is given to the organizing theory of general brain arousal which allows for integration of specific
and nonspecific effects of these systems on behavioral endpoints such as binge eating or purging
as well as arousal states such as fear, novelty seeking, or sex. Regulation of the serotonergic
system by estrogens is explored, and genetic, epigenetic, and environmental estrogen effects on
bulimic pathology and risk factors are discussed. Genetic and neuroscientific research support this
two-system conceptualization of BN with both contributions to the developmental and
maintenance of the disorder. Implications of an estrogenic-serotonergic model of BN are discussed
as well as guidelines and suggestions for future research and novel therapeutic targets.
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1. Introduction
Bulimia nervosa (BN) is a serious mental disorder (Klump et al., 2009) characterized by
repetitive episodes of binge eating and compensatory behaviors, such as excessive exercise,
self-induced vomiting, diuretic or laxative abuse (American Psychiatric Association, 1994).
According to the Diagnostic and Statistical Manual for Mental Disorders (DSM-IV; APA,
1994), an episode of binge eating is characterized by both of the following: (1) eating, in a
discrete period of time (e.g. within any 2-hour period), an amount of food that is definitely
larger than most people would eat during a similar period of time and under similar
circumstances; (2) a sense of lack of control over eating during the episode (e.g. a feeling
that one cannot stop eating or control what or how much one is eating). This definition
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provides an impetus for considering both the objective behavior of overeating and the
subjective appraisal of this behavior as ‘out of control’. The corresponding use of extreme
compensatory behaviors such as purging is believed to be functional and reinforced by
reducing negative affect. Prospective and naturalistic investigations of binge eating and
purging suggest these behaviors are used intentionally to reduce negative affect and stress,
although this may be due to an increase in positive affect among some individuals as
opposed to true reductions in negative emotional states (Crosby et al., 2009; Smyth et al.,
2007).

Prevalence rates for BN are approximately 1.0-1.5% of the population, but a significant
gender disparity has been noted, with approximately three times more women affected than
men (Hoek, 2006; Hudson, Hiripi, Pope, & Kessler, 2007). Identifying biological reasons
for this disparity has been difficult. There are a number of proposed biological mechanisms
thought to cause and perpetuate BN pathology, both at the trait level and the behavioral
level. One of the leading models involves a disruption of neurotransmitters, primarily
serotonin, with secondary influences on this system by dietary restriction and hormonal
changes (Kaye, 2008; Steiger & Bruce, 2007). Although this model holds promise, there are
theoretical challenges to account for heterogeneity in BN. Namely, the nature of the
serotonergic dysregulation (hypo vs hyperserotonergic) as an etiological or maintenance
factor has been hard to establish and therapeutics targeting serotonin dysregulation have
been only moderately successful (Shapiro et al., 2007). Thus, the aim of this review is to
formally integrate the role of estrogens into the neurobiological model of BN in efforts to
address some of these challenges in theory and treatment. To do this, we will first briefly
review the existing models of BN and suggest their relationship to a fundamental problem
with general arousal. We will then review evidence supporting the role of estrogens and
serotonin in BN symptoms. We then propose an integration of the two systems by reviewing
evidence suggesting estrogenic regulation of the serotonin system. Finally, we conclude by
providing suggestions for future therapeutic targets and argue that symptoms of BN can be
conceptualized as part of a larger problem of generalized arousal.

2. Basic Model of BN Pathology
The core behavioral phenomenon of BN is the binge-purge cycle and it is thought to be
influenced by hedonic and metabolic processes such as the drive for reward and drive to eat
(Lutter & Nestler, 2009) as well as personality traits such as impulsivity and compulsivity
(Engel et al., 2005; Lilenfeld, Wonderlich, Riso, Crosby, & Mitchell, 2006). Utilizing this
framework, a binge—purge episode can be conceptualized as a consequence of a trait-based
deficit in inhibition or as a consequence of a compulsive attempt to reduce fears or worries
about weight/shape changes or other negative emotional states. Figure 1 summarizes these
basic patterns of the binge—purge cycle. The binge—purge cycle is marked initially by
overeating, which by consequence of a negative appraisal of the eating episode, is perceived
as ‘out of control.’ Purging, or other compensatory behavior, acts to relieve the distress of
this perception and provides a temporary sense of increased control over food intake, shape,
or weight status. Resolution of the binge-purge cycle returns the individual to a pattern of
strict dietary control. What differentiates the two types of binge-purge cycles is the
functional significance of each behavior. For those with trait-level disturbances in inhibition,
overeating results from an inability to inhibit the motivational state generated by food or
eating cues (hedonic or metabolic). Thus, the pattern can be conceptualized as positively
reinforcing. Alternatively, for those with trait-level excess in anxiety or obsessionality
overeating results from increased priming for food consumption (i.e., hyperfocus on food
and food cues). Overeating and compensatory behavior temporarily reduces anxiety and
unwanted autonomic arousal, providing relief from the anxious/obsessional state. Thus, this
pattern can be conceptualized as negatively reinforcing. The propensity for either pattern is

Hildebrandt et al. Page 2

Clin Psychol Rev. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



likely influenced by these trait-level disturbances as well as basic reward properties of food.
Although either pattern can be triggered by a range of external factors including stress,
environmental triggers, or emotional triggers or a range of internal factors originating from
basic drive states for energy balance or reward, the sensitivity to these triggers is potentially
differentially influenced by the trait deficit. External influences are more likely to lead to
negative emotional states and thus provide a state primed for negative reinforcement.
Internal drive states are more likely to lead to increased pressure to seek out and consume
food or other positive reinforcers and thus provide a state primed for positive reinforcement.
These two types of triggers can interact with each other to influence the binge—purge cycle,
but with trait anxiety more sensitive to these external triggers and trait deficits in inhibition
more sensitive to natural drive states.

These impulsive and compulsive traits can be linked to serotonin dysfunction and genetic
polymorphisms within the serotonin system (Baca-Garcia et al., 2005). For instance,
obsessive-compulsive spectrum disorders share a common dysregulation in serotonin
function and genetic polymorphisms of serotonergic genes (Bloch et al., 2008; Saiz et al.,
2008). Similarly, impulsivity has been linked to low serotonin in a range of behavioral
disturbances including alcohol use disorders, binge eating, drug use, and risky sexual
behavior (Cyders & Smith, 2008; Fischer, Smith, & Cyders, 2008). Thus, the serotonin
system appears to be a unifying neurobiological system for explaining trait based influences
on BN pathology through trait disturbances in response inhibition or anxiety/compulsivity
(Kaye, 2008; Steiger & Bruce, 2007).

Figure 2 summarizes influences of both estrogens and serotonin on the development and
maintenance of BN. Genetic influences, present at conception, predispose individuals to
development of trait anxiety/harm avoidance or impulsivity. Prenatal exposure to estrogens
has some organizational effects on brain development, perhaps priming the central nervous
system (CNS) for sensitivity to later estrogenic effects. After birth, the individual is exposed
to environmental influences over the serotonergic and estrogenic system leading to increased
propensity for overeating and visceral fat deposits (via estrogenic regulation of female
adiposity). In turn, societal pressures contribute to dissatisfaction with weight and the
individual develops a pattern of dietary restraint to cope with these pressures. Early puberty
accelerates the shape/weight dissatisfaction because bodily changes are inconsistent with the
thin ideal. At the same time, estrogen levels rise and phasic changes begin to occur in
conjunction with the menstrual cycle. These changes ramp up estrogenic controls of
serotonin function, which may have increasingly detrimental effects on mood dysregulation
and behavioral disinhibition. Overeating in combination with these effects increases the
likelihood of binge eating episodes occurring (i.e., overeating + perceived loss of control).
Compensatory measures, such as purging, exercise, or dietary restriction, lead to
dysregulation of the menstrual cycle and decrease the level of available estrogens which in
turn exacerbate existing serotonergic disturbances. This pattern continues until the
individual is able to re-regulate eating patterns and cease purging methods.

2.1 Generalized Brain Arousal and BN Pathology
Serotonin effects are widespread throughout the brain and contribute to specific behaviors,
such as eating (Gruninger, LeBoeuf, Liu, & Garcia, 2007) and sex (Uphouse, Hiegel, Perez,
& Guptarak, 2007), but also to different states of arousal such as sleep (Gottesmann, 2004;
Monti & Jantos, 2006). The specific and nonspecific roles of this neurotransmitter system
implicate its importance in the larger phenomenon of central nervous system (CNS) or brain
arousal.
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The concept of general brain arousal, its importance to a range or behavioral endpoints, and
genetic influences has been introduced (Garey et al., 2003) and subsequent theory developed
(Pfaff, 2005a). The general form of brain arousal has been operationalized as follows:

“Generalized arousal” is higher in an animal or human being who is: (S) more alert
to sensory stimuli of all sorts, (M) more motorically active, and (E) more reactive
emotionally (Pfaff, 2005, pg. 5).

The theory of general brain arousal suggests an activational dependency on arousal for any
number of diverse behavioral endpoints, but influence of this arousal is the coordination of
the transition from a chaotic (i.e., not aroused) state to an ordered (i.e., aroused state) where
systems of neuronal firing facilitate the desired behavior (Pfaff & Banavar, 2007). The
arousal system works through both ascending and descending neuronal pathways.
Ascending pathways deliver sensory information to the brain for the purpose of brain
activation, whereas descending pathways prepare the organism for action by influencing
autonomic and musculoskeletal systems (Pfaff & Banavar, 2007). The 5-HT system contains
ascending projections to the basal forbrain, frontal cortex, limbic cortex, and hypothalamus
(Jacobs & Azmitia, 1992) allowing for 5-HT to activate emotions, autonomic controls, and
motor acts based on sensory information. Thus, the serotonin system provides an important
neuronal system capable of contributing to a general state of arousal, both through ascending
sensory information as well as descending activation through neurons for example in the
hypothalamus.

A key feature of the arousal system is its redundancy, activating arousal through a number
of mechanisms, which allow for its conservation when specific systems are damaged. A
wide range of genes and hormones contribute to regulation of the arousal system (Pfaff,
2005a, 2005b) and thus provide important targets for integrating these broader influences
into models of specific behavioral disturbances. For example, estrogens are known to be
hormonal regulators of fear, in terms of general arousal as well as coordination of specific
behaviors (Morgan, Schulkin, & Pfaff, 2004). Similar evidence for the estrogens'
contribution to general arousal originates from detailed analysis of female sexual behavior
(Mong & Pfaff, 2004), aggressive behavior (Ogawa, Choleris, & Pfaff, 2004), and
locomotor activity (Ogawa, Chan, Gustafsson, Korach, & Pfaff, 2003) in mice.

Building upon this theory, eating behavior (seeking, consumption, and cessation) is
dependent upon both general brain arousal and specific system coordination (see Figure 3).
Because both estrogens and serotonin contribute to general brain arousal, disturbances in
either or both systems may contribute to dysregulation in eating behavior by over-preparing
the individual to seek and consume food or under-preparing the individual to stop eating.
One aspect where feeding is clearly linked to general arousal is the neurotransmission of
stomach sensation through 5-HT mediated mechanisms in the vagus nerve. Disruption in
this vago-vagal reflex is thought to underlie BN (Faris et al., 2008) while also increasing the
likelihood of affective disturbances (Faris et al., 2006). Overstimulation of this ascending
circuit not only alters the negative feedback involved in cessation, but it also alters firing
rates of serotonergic and norepinephren neurons (Manta, Dong, Debonnel, & Blier, 2009).
Thus, the role of general brain arousal may also help explain other behavioral disturbances
likely to co-occur with BN symptoms such as depression, impulsive drug and alcohol use, or
compulsive anxiety reducing behaviors and harm avoidance.

2.2 Genetics of Bulimia Nervosa
Much of the genetic research on bulimia nervosa (BN) suggests a global contribution for the
disorder (Bulik, Sullivan, & Kendler, 1998; Bulik, Sullivan, Wade, & Kendler, 2000) and
for specific behaviors like disordered eating (Klump, McGue, & Iacono, 2002) and bingeing
and purging (Sullivan, Bulik, & Kendler, 1998). Heritability estimates for BN range from
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28-83% with an average of 50% (Gorwood, 2004; Hettema et al., 1995; Jacobi et al., 2004).
Covariate linkage analyses suggest evidence for loci associated with age of menarche, body
mass index (BMI), anxiety, concern over mistakes, and food obsessions in women with BN
(Bacanu et al., 2005). However, the genetics data for BN is far from robust and the evidence
for eating disorder linkage in families has been modest. Among the candidate genes
identified, 5-HT gene polymorphisms are most clearly linked to disease states (Grice et al.,
2002; Monteleone & Maj, 2008).

Epigenetic models provide some promise for elucidating the role of genes in BN pathology.
Epigenetics effects include changes to the ways in which DNA are processed within the cell.
Such changes to gene processing can alter the function of gene products (e.g., 5-HT
receptors) transcribed from the DNA without the presence of polymorphisms in the original
gene sequence. These types of changes are likely to be an important source of individual
variability in genetically regulated aspects of eating disorder pathology. For instance, one
such epigenetic change involves alteration of certain proteins (i.e., histones) which are
attached to DNA and involved in the regulation of gene expression (Szyf, Weaver, &
Meaney, 2007). There is some evidence that epigenetic changes alter both memory
formation and fear conditioning (Miller & Sweatt, 2007), which are implicated in the
pathogenesis and maintenance of eating disorders (Lascelles, Field, & Davey, 2003). Recent
data also implicate epigenetic changes in the decreased mRNA transcription of the 5-HT
transporter (5-HTTT; Philibert et al., 2008), which is broadly implicated in psychiatric
illness and certain aspects of eating disorder pathology. With respect to BN, there is some
evidence of these types of epigenetic effects on genes important for regulating serotonergic
and dompamonergic function (Frieling et al., 2008; Frieling et al., 2009), although the
functional impact of this elevation needs further investigation. An exciting aspect of the
epigenetic model is that it also provides mechanisms for environmental influence over gene
transcription and function. For example, one model suggests that maternal behavior alters
gene function in the hippocampus (Weaver, Meaney, & Szyf, 2006) and ultimately the
hypothalamic-pituitary adrenal (HPA) stress response of individuals into adulthood (Liu et
al., 1997). If epigenetic effects are responsible for changing some aspects of gene function in
the 5-HT system, then individuals exposed to epigenetic influences may be further primed
for increased feeding and weight, response disinhibition, or trait anxiety.

In addition to epigenetic mechanisms, environmental exposure to certain chemicals may
contribute to difficulty with weight regulation and traits such as impulsivity. Several
chemicals that influence an individual's ability to regulate lipids, promote adipogenesis and
rate or volume of fat deposition have been identified (Grun & Blumberg, 2009a, 2009b). It
is believed that these chemicals (e.g., phytoestrogens, synthetic estrogens, environmental
estrogens) act to regulate metabolic processes early in development and alter one's ability to
naturally keep weight or body fat regulated. For example, exposure to low doses of
bisphenol A (BPA), a substance found in plastics, leads to decreased fetal baby weight and
subsequent estrous cycle dysregulation in offspring of rats (Rubin, Murray, Damassa, King,
& Soto, 2001). Exposure to BPA also yields increased novelty seeking and approach
behavior in rats, via dysregulation of the estrogen system (Gioiosa, Fissore, Ghirardelli,
Parmigiani, & Palanza, 2007) suggesting that early dysregulation of the estrogen system
may lead to trait based deficits in inhibition as well as changes to basic metabolic processes.
These types of chemical effects appear to be regulated through estrogenic influence over
enzymes that regulate glycolysis (Kostanyan & Nazaryan, 1992), insulin sensitivity
(Kumagai, Holmang, & Bjorntorp, 1993), mitochondrial structure and function (Justo et al.,
2005) and the tricarboxylic acid cycle (Yan et al., 2004). Taken together, the exposure to
different exogenous estrogenic agents can have a robust impact on energy metabolism and
homeostasis (Chen, Brown, & Russo, 2009) or impulsivity, perhaps predisposing individuals

Hildebrandt et al. Page 5

Clin Psychol Rev. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to weight change that either promotes early attempts at dieting or the tendency for binge
eating.

3. The Role of 5-HT in Bulimia Nervosa
Dysregulation of the serotonergic system is perhaps the most robust neurobiological
correlate of BN pathology (Monteleone, Brambilla, Bortolotti, & Maj, 2000; Steiger et al.,
2004). The effects of 5-HT manipulation on feeding behavior have been demonstrated in
both animal and human subjects (e.g., Blundell, 1986; Mancilla-Diaz, Escartin-Perez,
Lopez-Alonso, & Cruz-Morales, 2002; Soulairac, 1963) and the general trend is a reduction
in 5-HT is associated with increased feeding (Brewerton, 1995). Increased feeding in the
context of reduced 5-HT may partially explain the link between increased risk for obesity
and the development of BN (Allen, Byrne, Forbes, & Oddy, 2009). For example, the
increased feeding and consequential weight gain potentiated by low 5-HT may lead to
increased efforts at dietary control. However, the relationship between the 5-HT system and
BN is difficult to delineate accurately, as 5-HT dysregulation may reasonably function as a
trait, state, and/or a “scar” of BN (Steiger, 2004). The aspects of the 5-HT system that
appear abnormal in patients with BN include the 5-HT transporter (5-HTT), 5-HT2a
receptor, and 5-HT1a receptor (Guido et al., 2002).

3.1 The Role of the 5-HT Transporter in Bulimia Nervosa
The 5-HTT plays a broad regulatory role in the 5-HT system and alterations to 5-HTT
availability or function are most clearly linked to an anxious phenotype that includes
anxious arousal and perception (Holmes, Murphy, & Crawley, 2003; Zhao et al., 2006), but
also altered sleep (Wisor et al., 2003), altered sensory thresholds for pain (Vogel et al.,
2003), and increased gastric motility (Chen et al., 2001). These broad consequences are
consistent with 5-HTT's role in general brain arousal, supporting a state of heightened
alertness, increased behavioral avoidance, and intense negative affect which occur as part of
the trait anxiety found among some women with BN.

The 5-HTT is a membrane receptor that functionally conserves available 5-HT and can
increase the specificity of information communicated between neurons by limiting 5-HTT
diffusion (Rudnick, 2006). Less available 5-HTT or poor functionality of existing 5-HTT
(due to genetic polymorphism or epigenetic changes) leads to too much or too little brain
arousal depending on the context. For example, electrophysiological studies suggest that 5-
HTT polymorphisms lead to decreased spontaneous firing rates of 5-HT neurons in the
dorsal raphe (Gobbi, Murphy, Lesch, & Blier, 2001) and delayed restoration of normal firing
rates in hippocampal neurons (Mannoury la Cour et al., 2001). Furthermore, this loss of
specificity in neuronal firing can increase levels of anxiety and avoidant behavior via
changes to other 5-HT receptors in the serotonergic neurons that populate the cortico-limibic
circuits responsible for anxious appraisal, emotions, and associated behavioral responses
(Murphy et al., 2008).

BN patients consistently show decreased 5-HTT availability. Tauscher and colleagues
(2001) noted a 17% decrease in 5-HTT availability in the hypothalamus and thalamus
among women with BN when compared to controls and this deficiency was correlated with
duration of BN. This deficency may be in partially related to higher rates of the short-allele
polymorphism for 5-HTT in BN patients (Di Bella, Catalano, Cavallini, Riboldi, & Bellodi,
2000), although this finding has yet to be replicated. Ekman, Sundblad-Elverfors, Landen,
Eriksson, and Eriksson (2006) noted low density but high affinity of platelet [3H] paroxetine
(an SSRI) binding in women with BN relative to controls. Nevertheless, the link between
dysregulation of the 5-HTT gene and binge symptoms occurs consistently, including with
obese binge eaters (Kuikka et al., 2001). Thus, there is some support for a link between low
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5-HTT binding and binge eating, with the exact mechanisms still debated (Frank, Bailer,
Henry, Wagner, & Kaye, 2004).

These observations support the phenotypic observations in human genetic studies of
increased anxiety, harm avoidance, and negative bias associated with 5-HTT polymorphisms
(Anguelova, Benkelfat, & Turecki, 2003; Murphy et al., 2003). Personality disturbances
have also been linked to 5-HTT disturbances. For instance, Greenberg and colleagues (2000)
found a significant association between the s allele polymorphism for 5-HTT and higher
NEO Neuroticism and lower NEO-PI- Agreeableness scores across individuals and within
families. Also, Lesch and colleagues (1996) determined that the s allele 5-HTT
polymorphism accounts for an estimated 3-4% of the total variation and 7-9% of inherited
variance in anxiety-related personality traits in individuals and siblings. Coccaro, Berman,
Kavoussi, and Hauger, (1996) found an inverse relation between platelet 5-HTT binding and
impulsive aggression, while others have noted a similar relationship between platelet 5-HTT
binding and self-mutilation in women with personality disorders (Stein et al., 1996). Some
of the differential effects of 5-HTT polymorphism on traits such as anxiety versus
impulsivity may be due to interactive affects with other aspects of serotonergic metabolism.
For instance, Passamonti and colleagues (2008) found interactions between monomamine-
oxidase-A (MAO-A) and 5HTT genes in clearance of serotonin in prefrontal brain areas
thought to coordinate inhibition. This interaction yielded lower available 5-HT for neural
transmission and functionally weakened serotonergic specificity, reducing the ability of
cortical structures to inhibit emotionally driven behaviors.

3.2 The Role of the 5-HT2a Receptor in Bulimia Nervosa
The 5-HT2a receptor is a postsynaptic receptor that increases neuronal firing and is located
in a number of cortical and prefrontal areas, but particularly in the caudate nucleus,
hippocampus, and nucleus accumbens (Barnes & Sharp, 1999; Pazos, Probst, & Palacios,
1987). The 5-HT2a receptor downregulates in response to prolonged 5-HT exposure
(Sanders-Bush, 1990). Genetic polymorphisms of the 5-HT2a receptor have been found to
be positively correlated with novelty seeking, suggesting that lower functioning 5-HT2a
receptors yield a higher likelihood of an approach response in the context of environmental
uncertainty (Heck et al., 2009). Furthermore, increased density of the 5-HT2a receptor in the
mPFC correlates with the coupling of mPFC-amygdala activation, implicating 5-HT2a
functionality in the integration of emotionally relevant stimuli through cortico-limbic
circuits (Fisher et al., 2009). Thus, decreased 5-HT2a functionality or density is likely to
lead to increased impulsivity or difficulty regulating affect (Frokjaer et al., 2008; Moresco et
al., 2002), for example through functional polymorphisms (Nomura et al., 2006).

Imaging studies of 5-HT2a in women with BN generally suggest decreased receptor binding
in cortico-limbic circuits. For example, Bailer et al. (2004) found decreased 5-HT2a receptor
binding in patients who recovered from the binge-purge subtype of anorexia (ANBP)
relative to control patients. This finding, however, was not statistically significant. Kaye and
colleagues (2001) noted reduced 5-HT2a receptor binding in the medial orbital frontal
cortex (mOFC) of women who had recovered from BN (REC-BN). The REC- BN group
also failed to show the expected age-related decreases in 5-HT2a receptor binding found in
healthy controls. Some evidence suggests that 5-HT2a polymorphisms may lead to this
observed decrease 5-HT2a binding (Nishiguchi et al., 2001; Ricca et al., 2002; Bruce et al.,
2005), but these associations are not always replicated (Enoch et al., 1998; Nacmias et al.,
1999) and this may be due to small sample sizes available in the latter studies.

Other studies of 5-HT receptor binding in patients with BN have yielded intriguing results.
Steiger, Young, and colleagues (2001) found reduced platelet binding of [3H]-peroxetine
and a lower density of [3H]-peroxetine binding sites in women with BN relative to healthy
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controls. Furthermore, this same group noted blunted responses following meta-
chlorophenylpiperazine (m-CPP) in women with BN who reported self-harm behaviors
relative to both healthy controls and women with BN who did not engage in self-harm
(Steiger, Koerner et al., 2001). These changes to 5-HT function may only exist for the
duration of the illness. For instance, researchers have shown that in REC-BN patients do not
differ from controls or may be significantly higher in response to a 5-HT agonist (Wolfe et
al., 2000). These data suggest the possibility that alterations to the 5-HT system may be
related to pre-existing personality, change or increase as function of the bulimic symptoms,
and resolve with recovery from BN.

3.3 The 5-HT1a Receptor in Bulimia Nervosa
The 5-HT1a receptor is an inhibitory autoreceptor typically found on the both on the
presynaptic and postsynaptic neuron in the hippocampus, lateral septum, cingulated and
entorhinal cortex, amygdala and raphe nuclei (Barnes & Sharp, 1999). Electrophysiologic
studies confirm this inhibitory effect; 5-HT1a activation reduces cell firing in hippocampus
(Kasamo et al., 2001), forbrain (Ashby, Edwards, & Wang, 1994), and raphe nuclei
(Haddjeri, Lavoie, & Blier, 2004) neurons. The inhibitory role of 5-HT1a over serotonergic
transmission implicates it in anxiety related phenomena. For instance, reduced 5-HT1a
binding (yielding difficulty inhibiting serotonergic-dependent activation) is found in most
anxiety disorders (Akimova, Lanzenberger, & Kasper, 2009). As such, most models of 5-
HT1a dysregulation suggest increases in harm avoidance (Hansenne & Ansseau, 1999),
although anxiety behaviors can occur with both under or overexpression of the receptor
(Overstreet et al., 2003).

The 5-HT1a receptor is likewise implicated in BN pathology. Tiihonen and colleagues
(2004) found elevated levels of brain 5-HT1a receptor binding in patients with BN. Bendotti
and Samanin (1987) found that the activation of 5-HT1a receptors is associated with
increased feeding in rats permitted to feed ad libitum. The 5HT1a effects are partially
mediated by raphe nuclei projections of these neurons to the amygdala (Parker & Coscina,
2001), suggesting a role in the hedonic regulation of feeding or regulation of preferences for
palatable food (Moreau, et al., 1992). The role of 5HT1a is also implicated in trait
disturbances found in BN. For instance, there is evidence that 5-HT1a and 5-HT2a are co-
expressed in mPFC neurons (Amargos-Bosch et al., 2004) suggesting a possible synergistic
effect on trait-level disturbances in compulsivity and impulsivity (Carli, Baviera, Invernizzi,
& Balducci, 2006). Administration of 5-HT1a agonist increases commission errors in
impulsivity paradigms (Carli & Samanin, 2000). Additional effects of the 5-HT1a neurons
are found in the consolidation and retrieval of emotional memory which is likely to play an
important role in anxiety and mood disturbances (Drevets et al., 2007; Ogren et al., 2008).

4. The Role of the Estrogens in Bulimia Nervosa
Gonadal hormones, such as estrogen, have been implicated in the organization of neuronal
systems involved in eating and activation of patterns of disordered eating. Several
epidemiologic features suggest this role, such as the observation that BN is significantly
more common in women (Hoek & van Hoeken, 2003; Hudson et al., 2007), these symptoms
usually begin at puberty (Hayward et al., 1997), and their frequency often diminish by mid-
life and the menopausal years (Leon, Keel, Klump, & Fulkerson, 1997; Strober, Freeman, &
Morrell, 1997). In particular, estrogen is well positioned to affect general brain arousal
found in traits such as impulsivity and compulsivity as well as specific behavioral endpoints
such as feeding, which are implicated in BN pathology.
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4.1 Estrogenic Effects on Feeding and Weight
Body weight is known to be a relative robust sexually dimorphic trait, with females being
smaller than males, where estrogens play a key role in keeping meals small, weight down,
and subcutaneous (as opposed to visceral) fat high (Butera, 2009; Shi & Clegg, 2009). In
humans, reliable caloric decreases are found among women during the periovulary phase of
the menstrual cycle when estrogen is at its peak (Buffenstein, Poppitt, McDevitt, & Prentice,
1995). In animals, overiectomy of adults leads to increased body weight via increased meal
size and overall food intake (Asarian & Geary, 2002; Blaustein & Wade, 1976; Wade, 1975)
and treatment with estradiol, a synthetic estrogen, decreases food intake and body weight
(Czaja, Butera, & McCaffrey, 1983; Wade, 1975). Estradiol injected into female rats post-
ovariectomy normalizes their body weight and feeding patterns (Asarian & Geary, 2002).
The centralized effects of estrogen in the hypothalamus and hindbrain are likely where this
regulation occurs (Butera, 2009). These centralized effects of estrogens have downstream
activational effects on hormonal systems that signal satiety (Butera, Bradway, & Cataldo,
1993), ultimately leading to earlier cessation of feeding behavior. Specifically, available
estradiol acting in the parventicular nucleus (PVN) of the hypothalamus increases the
sensitivity of the brain to satiety signals of cholecystokinin (CCK; Eckel & Geary, 1999;
Thammacharoen, Geary, Lutz, Ogawa, & Asarian, 2009). Thus, estrogenic effects on
cessation of feeding appear to be partially dependent upon the brain arousal brought about
by available circulating estrogens.

Estrogens also play a significant role in signaling amount and type of adiposity to the brain.
Subcutaneous fat is higher among females than males and depends partially on leptin signals
sent from this peripheral tissue into the blood stream (Schwartz, Woods, Porte, Seeley, &
Baskin, 2000). Estrogens are responsible for sensitizing metabolic systems to leptin signals
in the hypothalamus (Clegg, Benoit, Barrera, & Woods, 2003; Clegg, Tamashiro, Strader, &
Woods, 2004), thus regulating energy expenditure. Furthermore, subcutaneous fat has a
differentially high number of estrogen receptors, implicating its role in regulating these
peripheral signals of adiposity (Crandall, Busler, Novak, Weber, & Kral, 1998). As
estrogens increase during puberty, subcutaneous fat increases and this may trigger attempts
at dieting due to anxiety about these changes in outward appearance.

Very little research has been done specifically with estrogens in the context of binge eating.
One notable exception, Yu, Geary, and Corwin (2008) found that under binge-type
conditions, female rats that were injected with ovarian hormones after being ovariectomized
had smaller binge episodes and consumed less fat than controls. Progesterone, an estrogen
receptor antagonist, consistently induces overeating in rats (Roberts, Kenney, & Mook,
1972; Rodier, 1971; Zucker, 1969); so, the interplay of progesterone and estrogen are likely
to affect feeding behavior among females and ultimately the overeating aspects of binge
eating found among those with BN.

4.2 Evidence of Estrogenic Influence on Symptoms of Bulimia Nervosa
Around 45-62% of women with BN experience some form of menstrual dysregulation,
particularly oligomenorrhea, although amenorrhea occurs in 5-40% of women with BN
(Crow, Thuras, Keel, & Mitchell, 2002; Gendall, Bulik, Joyce, McIntosh, & Carter, 2000;
Poyastro Pinheiro et al., 2007). Austin and colleagues (2008) reported a significant
association between vomiting and irregular menses in adolescent females, suggesting that
purging may impact menstruation. However, certain weight-loss practices commonly
employed by patients with BN (e.g., prolonged dietary restriction) are directly known to
dysregulate menstruation (Loucks, 2003), but these observations suggest the possibility of
disturbed estrogen function. Table 1 summarizes the studies specifically examining the
relationship between estrogen level and binge eating in women with BN. When studied
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using menstrual status as an indicator of estrogen, the data indicate that binge eating worsens
during the premenstrual or mid-luteal phase and consequently when estrogen is low and
progesterone is high. These results have been replicated by Klump and colleagues (2008),
who examined frequency of binge eating severity across the course of a menstrual cycle in
two community samples. The authors noted robust associations between ovarian hormones
(decreased estrogen and increased progesterone) and binge eating in clinical and non-clinical
women. For women with BN, the converging evidence suggests that decreases in estrogen
are associated with overeating and a greater likelihood of feeling “out of control.”

4.3 Organizational and Activational Effects of Estrogen on Disordered Eating
Some researchers (e.g., Klump et al., 2006) have postulated that gonadal hormones affect
both sexes during prenatal (organizational) and post-natal (activational) periods such that
these hormone differences account for much of the observed sex differences in behavior
(e.g., disordered eating). According to this hypothesis, prenatal exposure to testosterone
plays a protective role against the development of an eating disorder by organizing the CNS
to be more masculine, while estrogen, which spikes in young women during the onset of
puberty, activates disordered eating. Evidence from non-human primates suggests that
elevated prenatal circulating androgen yields higher expression of cystolic and nuclear
androgen receptors, but that the functional effects of this organization may be partially
explained by the aromatase pathway and the ability of estrogen to influence the
masculinized or de-masculinized brain (Resko & Roselli, 1997). Thus, organizational
vulnerabilities may involve moderating the general brain arousal effects of estrogens by
organizing the CNS to be more or less sensitive to circulating gonadal hormones during
puberty.

The hypothesized post-natal or activational role of estrogens is based on correlational
evidence between estrogen and disordered eating (Klump et al., 2006) as well the
moderating role of puberty on symptoms of disordered eating in women (Klump, Perkins,
Alexandra Burt, McGue, & Iacono, 2007). Evidence for the role of sex hormones on feeding
is also well established and suggests that prenatal exposure to testosterone increases feeding
while lowering activity (Madrid, Lopez-Bote, & Martin, 1993) and increases in estrogen are
associated with decreased feeding and increased activity (Eckel, 2004). The post-natal
estrogen effects may depend on these pre-natal environments to bring about binge eating as
well as other disturbances in brain arousal that manifest as increased anxiety or impulsivity.

The generalized organization-activation hypothesis raises a number of important questions.
Given that most women do not have an eating disorder despite the universal increase in
estrogen levels in women who reach puberty, the possibility exists that the activational
influences may be genetically mediated (i.e., variations in the genes encoding for estrogen
receptors or systems effected by estrogen) or moderated by environmental effects. In
addition, the general effect of estrogen is to reduce feeding behavior (Geary, 2001), but this
may be context specific (Shelley, Dwyer, Johnson, Wittkowski, & Pfaff, 2007) and involve
estrogen regulation of a neurotransmitter systems such as 5-HT.

5. Mechanisms of Estrogenic Effects on Symptoms of BN
5.1 Estrogenic Effects on 5-HT

The effects of ovarian steroids on the 5-HT neurotransmitter system have been subject to
considerable investigation (Bethea, Pecins-Thompson, Schutzer, Gundlah, & Lu, 1999) and
effects can broadly be conceptualized as regulatory, although the specific role varies across
brain regions and within different neural circuits (Bethea, Lu, Gundlah, & Streicher, 2002).
Figure 4 summarizes how estrogens influence serotonergic neuronal firing. These effects
include changes to density and function of 5-HTT, 5-HT1a, and 5-HT2a receptors as well as
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changes to the rate of synthesis and degredation of 5-HT. The overall effect of estrogen
differs based on the nature and location of the specific neurons affected; however, estrogen
can be conceptualized as increasing the sensitivity of the serotonergic system, rendering it
more efficient and prepared to deliver information to relevant brain regions responsible for
coordinating specific behaviors.

Estrogen exerts its effects within the brain primarily through estrogen receptors, of which
there are two identified subtypes: alpha and beta (Enmark et al., 1997; Kuiper et al., 1997).
These subtypes are not true isoforms as they are encoded by different genes on separate
chromosomes (Enmark et al., 1997; Tremblay et al., 1997) The beta subtype primarily
localizes among serotonergic neurons in primates (Gundlah et al., 2000) although specific
regions such as the hypothalamus have evidence of both alpha and beta estrogen receptors
(Bethea, Brown, & Kohama, 1996). Serotonin neurons project primarily to the forbrain and
have substantial inputs in the hypothalamus, amygdala, hippocampus, and prefrontal cortex
(Azmitia, 2007; Hornung, 2003). Some effects of estrogen receptors on 5-HT neurons is
dependent upon activation of progesterone receptors and thus progesterone can moderate
estrogenic effects on serotonin neurons (Bethea, 1994).

Intracelllular estrogen receptors function by binding to estrogen molecules in the nucleus of
the cell and acting as transcription factors, interacting with estrogen response elements, to
alter the expression of a number of genes that influence 5-HT cell functioning (Bagchi, Tsai,
Omalley, & Tsai, 1992; Baniahmad & Tsai, 1993). Ligands with different binding affinities
have been identified for the alpha and beta subtypes (Katzenellenbogen, Muthyala, &
Katzenellenbogen, 2003) although both receptors display equivalent affinity for the naturally
occurring estrogen, 17β-estrodiol (Kuiper et al., 1997). These types of estrogen mediated
cellular changes are considered genomic effects and alter cell firing less rapidly than
nongenomic estrogen effects.

Nongenomic estrogen effects on cellular excitability are also of interest (McEwen, 2002;
Spencer et al., 2008). It has long been observed that estradiol could rapidly alter neuronal
firing in the hypothalamus (Kelly, Moss, & Dudley, 1976; Kelly, Moss, Dudley, & Fawcett,
1977) suggesting the possibility of rapid actions mediated through membrane receptors.
There is a number of membrane estrogen receptors (mERs) including ER-X, Gq-mER, and
GPR30 (Kelly & Ronnekleiv, 2008). These receptors are thought to coordinate with nuclear
estrogen receptors' activation of gene products on cellular excitability (Kelly & Ronnekleiv,
2009). One interesting area of mER activity is the regulation of feeding and energy
homeostasis. For instance, there is some evidence that mERs regulate proopiomelanocortin
(POMC) and neuropeptide-Y neurons responsible for weight regulation and possibly the
rewarding properties of food (Qiu et al., 2006; Roepke, Qiu, Bosch, Ronnekleiv, & Kelly,
2009; Roepke et al., 2008).

There are several potential points of influence for estrogenic effects over the 5-HT system
including release, degredation, and receptor activation which function as mechanisms of
neural firing. In addition, overall rate of 5-HT firing is regulated by 5-HT synthesis and
reuptake. Among these points of influence, estrogen may exert direct and indirect effects at
each of them (Bethea, Lu et al., 2002). Because there is some evidence of genetic
contributions to BN through both 5-HT receptor polymorphisms and 5-HTT gene
polymorphisms, we will focus on estrogenic influences over these aspects of the 5-HT
system.

5.2 Estrogenic Effects via Estrogen Receptors
There are at least 14 subtypes of serotonin receptor (Hannon & Hoyer, 2008; Uphouse,
1997) and the 5-HT1a and 5-HT2a are the two subtypes that have the largest associations
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with BN symptoms. The location of these receptor subtypes is well documented in human
and animal models of the 5-HT system. Primarily, 5-HT1a receptors are found in limibic
regions, raphe nuclei, hippocampus, lateral septum, cingulated, and entorhinal cortex. The
colocalization of 5-HT1a receptors and ER alpha and beta occurs in many of these regions
(Shughrue & Merchenthaler, 2001). For instance, the lateral and dorsal hypothalamus and
preoptic hypothalamic area all project to median raphe and are densely populated by ER
alpha and beta. Similarly, the median raphe also receives projections from the mPFC which
contains ER beta neurons (Shughrue, Scrimo, & Merchenthaler, 1998, 2000). Evidence from
animal data suggests that estrogens do not alter 5-HT1a mRNA expression (Bethea, Mirkes,
Su, & Michelson, 2002; Gundlah, Pecins-Thompson, Schutzer, & Bethea, 1999), but
replacement of estrogen in ovariectomized rats yields increased 5-HT1a binding (Le Saux &
Di Paolo, 2005). However, mER activations have been found to decrease 5-HT1a function
through mER mechanisms (Mize, Poisner, & Alper, 2001). This effect is likely due to
increased uncoupling of G-proteins to 5-HT1a receptors (Mize & Alper, 2000, 2002), which
effectively reduces their effects on inhibiting neuronal firing. In contrast, 5-HT2a receptors
are located primarily in cortical areas, hippocampus, hypothalamus, and thalamus (Burnet,
Eastwood, Lacey, & Harrison, 1995; Gundlah et al., 1999) and exhibit classic features of G-
protein coupled receptors. Estrogen replacement has been found to increase 5-HT2a receptor
density in the dorsal raphe nuclei and prefrontal cortex via increases in mRNA expression
(Sumner et al., 1999) and this is mediated through nuclear receptors (Sumner et al., 2007).

Functional investigations of the ERs support their independent contribution as well as 5-HT
mediated contributions to BN relevant states and behavior. The role of the estrogen in
anxiety and fear condition is perhaps the most relevant to women with BN. Specific
investigations of estrogenic effects on 5-HT suggest increased 5-HT system activation. For
instance, estrogen down-regulates 5-HT1b autoreceptor mRNA in the raphe nuclei
supporting an estrogenic role in increasing 5-HT system activation (Hiroi, McDevitt, &
Neumaier, 2006; Hiroi & Neumaier, 2009). This increase is likely to contribute to
observable reductions in anxiety associated with estrogen. However, these effects may be
receptor specific; the ER beta is believed to mediate this anxiolytic effect of estrogen
(Weiser, Foradori, & Handa, 2008). Cumulating evidence from gene knockout and selective
estrogen modulator studies suggests the effects of estrogen in the hippocampus via ER beta
are responsible for some of this anxiolytic effect (Walf & Frye, 2008a, 2008b). This
relationship, however, is complex; ER alpha agonists potentiate fear learning whereas ER
beta agonists disrupt the same conditioning (Toufexis, Myers, Bowser, & Davis, 2007). This
differential effect may be in part due to the differences in colocalization patterns of ER alpha
and beta, but also because ER beta receptor activation decreases in stress response (Lund,
Rovis, Chung, & Handa, 2005). Thus, estrogen is likely to affect relevant anxiety states and/
or traits among women with BN through direct mechanisms as well as indirectly through
regulation of 5-HT.

5.3 Estrogenic Effects on 5-HTT Mechanisms
The 5-HT system's overall function is in part related to 5-HTT that bind to 5-HT in the
synaptic cleft and transport these molecules back into the serotonergic neuron. The 5-HTT
protein is found primarily at 5-HT neuron terminals (Hoffman, Hansson, Mezey, &
Palkovits, 1998). There is some evidence that estrogen increases 5-HTT mRNA expression
in the amygdala, lateral septum, hypothalamus, and dorsal raphe nuclei, but decreases
binding in the hippocampus (McQueen, Wilson, Dow, & Fink, 1996; McQueen, Wilson, &
Fink, 1997). This reduction may occur because estrogen increases the amount of synaptic 5-
HT by reducing the presence of 5-HTT proteins (Pecins-Thompson & Bethea, 1999).
However, results of similar tests of estrogen on 5-HTT are not consistent (Attali, Weizman,
GilAd, & Rehavi, 1997; Krajnak, Rosewell, Duncan, & Wise, 2003; Zhou et al., 2002) and
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the effect of estrogen on 5-HTT appears to differ based on brain region and involve more
than just transcription mechanisms (Lu, Eshleman, Janowsky, & Bethea, 2003). In the
context of SSRI treatment, estrogen appears to interfere with the rate of 5-HT clearance
from the synapse. Specifically, 5-HTT proteins clear more 5-HT in the presence of estrogen
and the SSRI, fluoxamine in the hippocampus (Benmansour, Piotrowski, Altamirano, &
Frazer, 2009). The direction and degree to which 5-HTT mechanisms regulate specific 5-HT
firing in specific brain regions or neuronal pathways remains a complicated issue. It is clear
that estrogen affects this regulatory mechanism, but a comprehensive model of estrogen's
influence on 5-HTT has yet to be developed.

5.4 Estrogenic Effects on 5-HT Synthesis and Degradation
The synthesis of 5-HT begins with the breakdown of tryptophan by the enzyme tryptophan
hydroxylase (TPH) into 5-hydroxytryptophan, which is then converted to 5-HT. Evidence
suggests that mRNA and protein mass for TPH increase in nonhuman primates with
estrogen replacement (Bethea, Mirkes, Shively, & Adams, 2000; PecinsThompson, Brown,
Kohama, & Bethea, 1996). Thus, estrogen is believed to increase synthesis of 5-HT broadly
through increasing TPH. Degradation of 5-HT is also affected by estrogen. Monoamine
oxidases (MAOs) are the enzymes responsible for metabolizing 5-HT into the inactive
metabolite 5-HIAA. The MAO-A subtype which selectively degrades 5-HT and MAO-B
which degrades dopamine have been localized to 5-HT neurons (Saura, Kettler, Daprada, &
Richards, 1992; Westlund, Denney, Kochersperger, Rose, & Abell, 1985; Westlund,
Denney, Rose, & Abell, 1988). Experimental evidence suggests that estrogen decreases gene
transcription for both MAO-A and MAO-B in the dorsal raphe and hypothalamus (Gundlah,
Lu, & Bethea, 2002). Furthermore, selective estrogen receptor modulators for ER alpha have
also proven to decrease MAO-A as well 5-HTT (Smith, Henderson, Abell, & Bethea, 2004).
Thus, the impact of estrogen on 5-HT pathways appears to be an increase in neuronal
transmission of serotonergic neurons via increased intracellular 5-HT.

6. Inferences and Outlook
The neurobiological evidence suggests significant contributions to trait and behavioral
disturbances associated with BN by both 5-HT and estrogen dysregulation. The neural
networks affected by both neurochemicals significantly overlap and share properties by
affecting both general brain arousal and by coordinating specific behaviors. Circulating
estrogens (like many hormones) and 5-HT are well positioned to alter an organism's
sensitivity to sensory information, locomotor activity, and emotional reactivity. Changes in
either neurochemical system affect general arousal state, and when functioning, work
together to regulate mood as well as the specific behaviors involved in eating. However, BN
is marked by dysregulation in both estrogenic and serotonergic functioning. The nature of
this dysregulation can be variable, with contributions originating from genetic
polymorphisims, prenatal environment, epigenetic changes to gene function, environment
exposure to chemicals that alter theses systems, or through bulimic symptoms. Although,
both estrogen and 5-HT system contributions to BN are robust, it is almost certain that these
systems do not tell the entire story of BN symptomology. Other neurotransmitters,
hormones, and peptides are likely to play important roles in this pathology. The link to
general arousal offers a number of clear and testable links between dysregulation in eating
and a number of other behavioral endpoints or arousal states such as fear, sex, locomotor
activity, aggression, or drug seeking.

Overlap of these two systems opens up the possibility for a number of therapeutic targets.
Clinical trials beginning in the 1980s have consistently demonstrated the utility of
antidepressants such SSRIs in treating symptoms of BN (Fichter et al., 1991; Goldstein,
Wilson, Thompson, Potvin, & Rampey, 1995; Pope, Hudson, Jonas, & Yurgelun-Todd,
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1983; Sabine, Yonace, Farrington, Barratt, & Wakeling, 1983), and that this remission in
BN symptoms occurs independently of the SSRI's effects on depressive symptoms
(Goldstein, Wilson, Ascroft, & al-Banna, 1999). Treatment with SSRIs is also indicated for
BN patients who do not initially respond to psychotherapy (Walsh et al., 2000). Their
effectiveness, although variable, suggests 5-HT is a useful therapeutic target for women with
BN. Usefulness of estrogens in treatment of BN has not been evaluated and there is no
published research on whether menstrual status moderates SSRI outcomes. Recent animal
data suggest that estradiol supplementation in rats with sertraline increases 5-HT2a receptor
mRNA (Sell et al., 2008). This finding is consistent with other animal research using
fluoxetine (Estrada-Camarena, Fernandez-Guasti, & Lopez-Rubalcava, 2006; Estrada-
Camarena, Lopez-Rubalcava, & Fernandez-Guasti, 2006) suggesting an overall synergistic
effect between serotonergic and estrogenic therapeutics. In postmenapuasal women,
hormone replacement therapy appears to enhance the effects of SSRI on depression
(Schneider, Small, & Clary, 2001; Zanardi et al., 2007). An important question to answer is
whether estrogens moderate existing treatments for women with BN and whether this
hormonal indicator should be a clinical indicator of note for treatment providers.

Estrogenic targets include nuclear receptors alpha and beta as well as mERs. Although a
number of selective estrogen receptor modulators (SERMs) exist (Clarke & Khosla, 2009),
there utility in psychiatry is in its infancy. A recent study has reported on five cases of
depression treated with raloxifine in women with chronic AN and reported significant
decreases in depressive symptoms (Yokoyama, Sugiyama, Sugiyama, & Amano, 2008).
There are several important questions about the utility of these agents, either in combination
with serotonergic drugs, or as ‘stand alone’ treatments. In particular, do the animal studies
suggesting favorable changes in mood and feeding behavior translate to psychiatric
conditions such as BN? There may also be unique and yet understudied influences of
estrogens on specific brain processes in adolescents and young adults. Recent evidence
suggests a neuroprotective role for estrogen on serotonergic neurons in the primate brain
(Bethea, Reddy, Tokuyama, Henderson, & Lima, 2009), but whether there are similar
protective or degenerative effects that occur during puberty is an important area for future
study. If altered estrogen levels contribute to specific structural or functional changes in
relevant brain targets in adolescence, then the estrogen system could be positioned as a
primary target for biological risk markers or sources for early intervention. Finally,
estrogenic influence over other relevant neurotransmitter and hormonal systems will be
important for expanding this model of BN. There is clearly some role for estrogenic
moderation of dopamanergic systems (Alyea & Watson, 2009b) and this moderation may
involve environmental estrogen exposure (Alyea & Watson, 2009a). In addition, estrogens
may help differentiate stem cells into dopamine neurons (Diaz, Diaz-Martinez, Camacho-
Arroyo, & Velasco, 2009), the implications of which are yet to be understood. The role
dopamine and other neurotransmitters play in the estrogen—serotonin model of BN will be
an important target for future research.
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Figure 1.
Panels A and B present a simplified model of the binge—compensatory behavior cycle. In
panel A, trait based anxiety and harm avoidance place an individual in a perpetual state of
concern about overeating. This concern makes them more alert and sensitive to
environmental cues relevant to eating (e.g., diet commercials, food adds, etc.), more
susceptible to stress responses, and more emotionally driven. The increased pressure from
these triggers leads to an increased likelihood of overeating, which is reinforced through
reduction of anxious or stressful state associated with eating. Similarly, compensatory
behaviors (e.g., exercise, vomiting, etc.) serve to temporarily reduce the anxious or stressful
state associated with having overeaten. In panel B, the paradigm is similar except the
individual is particularly vulnerable to hedonic or metabolic motivational states. Overeating
and compensatory behaviors serve to be temporarily pleasurable and satiating. We note that
these deficits and their basic reinforcement patterns are not mutually exclusive and often co-
occur in the same individual. There is also feedback from the dietary control (via deprivation
in nutrition or thinking about dieting) to increase stress and the drive for reward and eating.
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Figure 2.
The figure above highlights an escalating series of pressures on the estrogenic and
serotonergic systems in a developing female. Genetic polymorphisms from birth can limit
the efficacy of the serotonergic system. Prenatal exposure to estrogens further organizes the
brain for later estrogenic effects. After birth, specific forms of stress brought about by
parenting style my further compromise serotonergic genes. Simultaneously, the individual is
exposed to environmental estrogens which further predispose the individual for weight gain
and increased subcutaneous fat deposition. The consequence of these pressures may include
increased attempts at dieting. Puberty brings phasic shifts in estrogens and subsequent
regulatory power over the serotonergic system. Social pressures to be thin increase and a
challenged estrogen-serotonin system leaves the individual vulnerable to dysphoric mood,
behavioral disinhibition, and ultimately a pattern of dieting, binging, and purging. These
symptoms further reduce estrogens, exacerbating serotonergic dysfunction. The pattern
persists until the individual is able to stabilize their pattern of eating and exercise.
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Figure 3.
Simplified schematic of general arousal and its relationship to specific behaviors. Equation 1
(adopted from Garey, et al., 2003) at the top, puts mathematical form to the concept where
general arousal contributes to system specific behavioral states. A = arousal. Ag =
generalized arousal. K = constant. s = specific system such as fear, eating, etc. This
mathematical form also allows for K and A to vary by individual, suggesting different
thresholds and dependency on general arousal for each person and for each behavior. As
general arousal increases, the specific system transitions into a coordinated increase in
behavior followed by a lagged inhibition of this behavior. Both processes occur
simultaneously, but the balance between the specific behavioral system dictates which
behavior is expressed. When the behavior terminates, it decreases general arousal,
temporarily reducing the likelihood for the wide range of behaviors and relevant arousal
states. The above model also allows for specific system dysregulation. For instance, 5-HT1a
receptor dysregulation in the hypothalamus may reduce the eating specific system's negative
feedback loop making it particularly difficult to stop eating once initiated.
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Figure 4.
Estrogens influence serotonergic transmission in a number of specific ways summarized
above. (A) Estrogens bind to nuclear ER α or β which activate transcription factors for a
number of proteins via EREs. Transcription results in increased SERT and TPH and
decreased MAO-A. (B) The net result of these changes is increased intracellular 5-HT and
decreased clearance of 5-HT from the synaptic cleft. TPH degrades tryptophan into 5-
hydroxytryptophan whereas MAO-A degrades 5-HT into the inactive 5-HTIAA metabolite.
SERT recovers synaptic 5-HT from the cleft, conserving it and functionally terminating the
neural transmission. (C) Activation of the mERs deactivates 5-HT1a receptors by
uncoupling G proteins. The 5-HT1a receptor is an autoreceptor that inhibits neural firing, so
deactivating of the receptor functionally reduces the inhibitory effects of 5-HT1a. (D) Post-
synaptic 5-HT2a receptors are excitatory neurons which increase neuronal firing. Estrogens
working through nuclear receptors increase 5-HT2a mRNA and functionally increase the
neuronal sensitivity to presynaptic 5-HT release. ER = estrogen receptor. ERE = estrogen
response element. mER = membrane estrogen receptor. E = estrogen. SERT = serotonin
reuptake transporter. MAO = monoamine oxidase. TPH = tryptophan hydroxylase.
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