
Anorexia nervosa (AN), a disorder of unknown aetiol-
ogy, is characterized by restricted eating and a relent-
less pursuit of thinness (BOX 1). AN is possibly the 
most homogenous of all psychiatric disorders. There 
is a narrow range of age of onset (early adolescence), 
stereo typic presentation of symptoms and course, and 
relative gender specificity1. Individuals with AN have an 
ego-syntonic resistance to eating and a powerful pur-
suit of weight loss, yet are paradoxically preoccupied 
with food and eating rituals to the point of obsession. 
Individuals have a distorted body image and, even when 
emaciated, tend to see themselves as ‘fat’, express denial 
of being underweight and compulsively over-exercise. 
They are often resistant to treatment and lack insight 
regarding the seriousness of the medical consequences 
of the disorder.

Two types of eating-related behaviour are seen in AN 
(BOX 1). Restricting-type anorexics lose weight purely by 
dieting without binge eating or purging. Binge-eating/
purging-type anorexics also restrict their food intake 
to lose weight, but have a periodic disinhibition of 
restraint and engage in binge eating and/or purging as 
do individuals with bulimia nervosa (BN). Considering 
that transitions between syndromes occur in many, it 
has been argued that AN and BN share some risk and 
liability factors2,3. However, this Review focuses on  
restricting-type AN.

Although AN is characterized as an eating disorder, 
it remains unknown whether there is a primary dis-
turbance of appetitive pathways, or whether disturbed 

appetite is secondary to other phenomena, such as 
anxiety or obsessional preoccupation with weight gain. 
There has been considerable interest in the role of the 
hypothalamus in food and weight regulation in AN, 
although it remains uncertain whether hypothalamic 
alterations are a cause or a consequence of the symp-
toms. This Review focuses on another perspective. That 
is, although the hypothalamus is an important regulator 
of food intake and body weight, there is limited evidence 
that hypothalamic peptides have a role in the aetiology 
of AN. However, studies in animals and healthy humans 
are leading to a new understanding of overlapping neu-
ral pathways that contribute to the modulation of reward 
and emotion in response to appetitive stimuli. Given 
the probable link between feeding behaviour and affec-
tive processes in AN, the neural substrates underlying  
these processes are potential candidate regions for under-
standing the pathophysiology of this illness. This Review 
integrates findings from pharmacological, behavioural 
and neuroimaging studies that contribute to the under-
standing of appetite regulation, reward, neurotransmitters  
and neurocircuits that are associated with AN.

State and trait
When malnourished and emaciated, individuals with 
AN have widespread and severe alterations of brain and 
peripheral-organ function; however, it is unclear whether 
these changes are the cause or the consequence of mal-
nutrition and weight loss. Therefore, to understand the 
aetiology and course of illness of AN, it is useful to divide 
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Abstract | Individuals with anorexia nervosa have a relentless preoccupation with dieting and 
weight loss that results in severe emaciation and sometimes death. It is controversial whether 
such symptoms are secondary to psychosocial influences, are a consequence of obsessions 
and anxiety or reflect a primary disturbance of brain appetitive circuits. New brain imaging 
technology provides insights into ventral and dorsal neural circuit dysfunction — perhaps 
related to altered serotonin and dopamine metabolism — that contributes to the puzzling 
symptoms found in people with eating disorders. For example, altered insula activity could 
explain interoceptive dysfunction, and altered striatal activity might shed light on altered 
reward modulation in people with anorexia nervosa.
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Interoception
The sensing and integrating of 
afferent proprioceptive and 
visceroceptive information, 
resulting in feeling the ‘inner 
state’ of the body, which is 
important for allocating 
attention, evaluating context 
and planning actions.

the neurobiological alterations into two categories. First, 
there seem to be premorbid, genetically-determined trait 
alterations that contribute to a vulnerability to develop 
AN. second, there are state alterations secondary to 
malnutrition that might sustain the illness, and per-
haps accelerate the out-of-control spiral that results in 
severe emaciation and the highest mortality rate of any  
psychiatric disorder.

Trait-related alterations. large-scale community-based 
twin studies have shown that 50% to 80% of the vari-
ance in AN and BN can be accounted for by genetic 
factors3–5. The genetic vulnerability to eating disorders 
might be expressed as a diffuse phenotype of continuous 
behavioural traits, as suggested by evidence of significant 
heritability of disordered eating attitudes, weight preoc-
cupation, dissatisfaction with weight and shape, dietary 
restraint, binge eating and self-induced vomiting6–8, and 
of significant familiality of subthreshold forms of eating 
disorders2,9.

Considerable evidence has suggested that child-
hood temperament and personality traits can lead to 
a predisposition to develop AN during adolescence. 
Recent studies10–12 describe negative emotionality, harm 
avoidance, perfectionism, inhibition, drive for thinness, 
altered interoceptive awareness and obsessive-compulsive  
personality traits as childhood predisposing factors  
that precede the onset of an eating disorder (FIG. 1)  
and that persist after recovery (see below). studies suggest 
that these traits are heritable, can be present in unaffected  
family members and are independent of body weight13, 
providing further evidence that they confer liability to 
the development of AN.

State-related alterations. starvation and emaciation 
have profound effects on the functioning of the brain 
and other organ systems. They cause neurochemical 
disturbances that could exaggerate premorbid traits14, 
adding symptoms that maintain or accelerate the dis-
ease process (FIG. 1). For example, subjects with AN have 
a reduced brain volume15, an altered metabolism in 
frontal, cingulate, temporal and parietal regions16, and a 
regression to pre-pubertal gonadal function17. The fact 

that such disturbances tend to normalize after weight 
restoration suggests that they are a consequence rather 
than a cause of AN.

It is likely that many of the starvation-driven endo-
crine and metabolic changes that result from AN are 
compensatory and attempt to conserve energy or stimu-
late hunger and feeding18. For example, subjects with AN 
have altered concentrations19 of neuropeptide Y (NPY), 
leptin, corticotropin-releasing hormone (CRH), chole-
cystokinin, beta-endorphin and pancreatic polypeptide. 
It is important to note that such alterations are likely to 
cause alterations in mood, cognitive function, impulse 
control and autonomic and hormonal systems20, which 
indicates that they might contribute to the behavioural 
symptoms associated with the ill state. For example, 
intracerebroventricular CRH administration in experi-
mental animals produces many of the physiological 
and behavioural changes associated with AN, includ-
ing hypothalamic hypogonadism, altered emotionality, 
decreased sexual activity, hyperactivity and decreased 
feeding behaviour21. Therefore, it can be argued that 
some secondary changes in peptide concentrations can 
sustain AN behaviours (FIGS 1,2) by driving a desire for 
more dieting and weight loss. moreover, malnutrition-
associated alterations exaggerate emotional dysregula-
tion, consistent with the many individuals with AN 
that meet Dsm-Iv (Diagnostic and statistical manual 
of mental Disorders, forth edition) criteria1 for major 
depression, obsessive compulsive disorder (oCD) or 
other anxiety disorders22,23.

Do symptoms in individuals with AN reflect trait or 
state? The difficulty in distinguishing changes that are 
due to trait from those that are related to state in stud-
ies of subjects with AN has been a major confound in 
the research of this disorder. Prospective, longitudinal 
studies are difficult given the young age of potential 
subjects, the rarity of the disorder and the many years 
of follow-up required. An alternative strategy is to study 
individuals who have recovered from AN, thus avoiding 
the confounding influence of malnutrition and weight 
loss on biological systems. There is presently no agreed-
upon definition of recovery from AN, but our research 
defines it as having a stable and healthy body weight for 
months or years, with stable nutrition, relative absence 
of dietary abnormalities and, in females, normal men-
struation. Although the process of recovery from AN 
is poorly understood and, in most cases, protracted, 
approximately 50% to 70% of affected individuals will 
eventually attain complete or moderate resolution of 
the illness, although this might not occur until their 
early to mid 20s24–26. studies have described tempera-
ment and character traits that still persist after long-term 
recovery from AN, such as negative emotionality, harm 
avoidance, perfectionism, desire for thinness and mild 
dietary preoccupation. It is possible that such persistent 
symptoms are ‘scars’ caused by chronic malnutrition. 
However, the fact that such behaviours24,27,28 are similar 
to those described for children who will develop AN10–12 
argues that they reflect underlying traits that contribute 
to the pathogenesis of this disorder.

 Box 1 | DSM-IV, diagnostic criteria for anorexia nervosa1

•	Refusal	to	maintain	body	weight	at	or	above	a	minimally	normal	weight	for	age	and	
height	(for	example,	weight	loss	leading	to	maintenance	of	body	weight	less	than	85%	
of	that	expected;	or	failure	to	make	expected	weight	gain	during	period	of	growth,	
leading	to	body	weight	less	than	85%	of	that	expected.)

•	Intense	fear	of	gaining	weight	or	becoming	fat,	even	though	underweight.

•	Disturbance	in	the	way	in	which	one’s	body	weight	or	shape	is	experienced,	undue	
influence	of	body	weight	or	shape	on	self-evaluation,	or	denial	of	the	seriousness	of	
the	current	low	body	weight.

•	In	postmenarcheal	females,	amenorrhea	(that	is,	the	absence	of	at	least	three	
consecutive	menstrual	cycles).

•	There	are	two	types	of	anorexia	nervosa:	1.	Restricting	type,	in	which	the	person	has	
not	regularly	engaged	in	binge-eating	or	purging	behaviour;	2.	Binge-eating/purging	
type,	in	which	the	person	has	regularly	engaged	in	binge-eating	or	purging	behaviour	
(that	is,	self-induced	vomiting	or	the	misuse	of	laxatives,	diuretics	or	enemas).	
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Traits
Negative emotion
Perfectionism
Drive for thinness
Increased interoceptive awareness
Obsessive-compulsive personality

Puberty
Brain development
Hormones
Stress
Cultural factors

Dieting

Weight loss

Neurobiological
changes

Denial, rigidity,
anxiety, depression,
obsessionality

Chronic illness
(30–50%)

Recovery
(50–70%)

Childhood

Adolescence

Adulthood

Neurobiology and behaviour
Common comorbid behaviours typical of both recovered 
and ill AN individuals are often expressed in concert. 
These include inhibition, anxiety, depression and obses-
sionality, and puzzling symptoms such as body image 
distortion, perfectionism, and anhedonia. These behav-
iours could be encoded in limbic and cognitive circuits 
known to modulate and integrate neuronal processes 
that are related to appetite, emotionality and cognitive 
control. Two neurocircuits that have been described 
based on imaging, neurophysiological and lesion stud-
ies29,30 might be of particular relevance to understand-
ing behaviour in AN. A ventral (limbic) neurocircuit 
that includes the amygdala, insula, ventral striatum 
and ventral regions of the anterior cingulate cortex 
(ACC) and the orbitofrontal cortex (oFC) seems to be 
important for identifying the emotional significance  
of stimuli and for generating an affective response to these 
stimuli29,30. A dorsal (cognitive) neurocircuit is thought 
to modulate selective attention, planning and effortful 
regulation of affective states, and includes the hippocam-
pus, dorsal regions of the ACC, dorsolateral prefrontal 
cortex (DlPFC), parietal cortex and other regions29,30. 
Indeed, earlier brain imaging studies have shown that 
subjects who have recovered from AN have altered  

activity in frontal, anterior cingulate and parietal 
regions31–33 several investigators have proposed that 
dysregulation of these two circuits contributes to several 
psychiatric disorders including major depression, anxi-
ety disorders and oCD. It is possible that aberrant func-
tion of these circuits causes altered emotion regulation or 
obsessionality but that the molecular basis of these dys-
functions differs between disorders30. Indeed, the neuro-
biological disturbances in people with eating disorders 
may differ from those found in people with depression, 
anxiety or oCD. For example, the binding potential of 
the serotonin (5-HT) receptor 1A (5-HT1A) is decreased 
in subjects with depression34, as well as in people with 
social phobia35 and panic disorder36, whereas it tends to 
be increased in people with eating disorders37–40.

This Review focuses on the findings derived from 
several imaging technologies. studies using positron 
emission tomography (PeT) brain imaging and related 
technologies have assessed 5-HT and dopamine (DA) 
neurotransmitter systems in subjects with AN and in 
those who have recovered. second, recent functional 
mRI (fmRI) studies have begun to shed light on altered 
activity in interconnected brain regions of these indi-
viduals. Together these studies provide new insights 
into neurobiological disturbances that characterize this 
deadly disorder.

Serotonin function in AN. The 5-HT system has been 
intensively studied in people with AN as considerable 
evidence suggests that this neurotransmitter system 
could play a part in symptoms such as enhanced sati-
ety41, impulse control42,43 and mood44,45. Indeed, there is 
much evidence of abnormal functional activity of the 
5-HT system in subjects with AN46,47 (FIG. 2). For example, 
in underweight and malnourished individuals suffer-
ing from AN the cerebrospinal fluid (CsF) has reduced 
amounts of 5-hydroxyindoleacetic acid (5-HIAA) — 
which is the major brain metabolite of 5-HT and is 
thought to reflect extracellular 5-HT concentrations48. 
By contrast, 5-HT metabolite levels were elevated in the 
CsF of subjects who had recovered from AN.

It is important to note that the 5-HT system involves 
14 or more receptors, and interacts with many other 
neuro transmitters and molecules. only a few of these 
components can currently be measured in vivo in 
humans. still, imaging studies of 5-HT functional activ-
ity are useful; although the complexity of 5-HT circuits 
cannot be fully elucidated in humans, such imaging stud-
ies can characterize potential state and trait differences 
between individuals with AN and healthy controls, be 
used to model relationships of 5-HT activity to behaviour 
and provide new insights on potentially more effective 
treatment targets. In fact, brain imaging studies consist-
ently show that, when compared with healthy subjects, 
individuals with or having recovered from eating dis-
orders have elevated and diminished binding potential 
for postsynaptic 5-HT1A receptors and 5-HT2A receptors, 
respectively37–40,49–51. studies of individuals with or hav-
ing recovered from AN tend to produce similar find-
ings, supporting the notion that there are trait-related  
alterations of 5-HT function in AN.

Figure 1 | The time course and phenomenology of anorexia nervosa. Childhood 
personality and temperament traits, which contribute to a vulnerability for developing 
anorexia nervosa (AN), become intensified during adolescence as a consequence of the 
effects of multiple factors, such as puberty and gonadal steroids, development, stress 
and culture. Individuals with AN find that dieting reduces, and eating enhances 
dysphoric mood. But with chronic dieting and weight loss, there are neurobiological 
changes which increase denial, rigidity and obsessions, as well as depression and anxiety, 
so that individuals often enter a downward spiral. Although 50% or more of individuals 
with AN recover by their early to mid‑20s, a significant proportion of subjects develop a 
chronic illness or die.
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Figure 2 | The role of serotonin neural function in anorexia nervosa. It is well known that people with anorexia nervosa 
(AN) enter a vicious cycle, whereby malnutrition and weight loss drive the desire for further restricted eating and emaciation. 
Evidence suggests that, compared with healthy individuals (a), individuals who are vulnerable to developing an eating 
disorder might have a trait for increased extracellular serotonin (5‑HT) concentrations68 and an imbalance in postsynaptic 
5‑HT

1A
 and 5‑HT

2A
 receptor activity37–40,49–51 (b), which together might contribute to increased satiety and an anxious, 

harm‑avoidant temperament. Gonadal steroid changes during menarche or stress related to adolescent individuation 
issues might further alter activity of the 5‑HT system and so exacerbate this temperament, resulting in a chronic dysphoric 
state. It is important to note that food–mood relationships in AN are very different from those in healthy controls. That is, 
palatable foods in healthy subjects are associated with pleasure, and starvation is aversive. By contrast, palatable foods 
seem to be anxiogenic in AN, and starvation reduces dysphoric mood. In subjects with AN, starvation and weight loss result 
in reduced levels of 5‑HIAA in the cerebrospinal fluid (CSF)74 (and inferentially reduced extracellular 5‑HT concentrations) 
but exaggerated 5‑HT

1A
 receptor binding in limbic and cognitive cortical regions39. Starvation‑induced reductions of 

extracelluar 5‑HT levels might result in reduced stimulation of postsynaptic 5‑HT
1A

 and 5‑HT
2A

 receptors, and thus 
decreased dysphoric symptoms. However, when individuals with AN are forced to eat, the resulting increase in extracellular 
5‑HT levels, and thus stimulation of postsynaptic 5‑HT

1A
 and 5‑HT

2A
 receptors, increases dysphoric mood, which makes 

eating and weight gain aversive. Alternatively, if subjects with AN continue to starve, anorexigenic signals related to 
neuropeptide disturbances (for example, increased corticotropin‑releasing hormone (CRH)21 and reduced β‑endorphin166) 
might drive further food restriction and changes in behaviour and cognition, which thus promotes AN symptoms. 
Scatterplots reproduced, with permission, from REF. 39  (2007) American Medical Association and REF. 40  (2005) Elsevier.
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moreover, imaging studies provide insight into how 
disturbed 5-HT function is related to dysphoric mood 
in AN52,53. That is, PeT imaging studies show striking 
and consistent positive correlations between the bind-
ing potential of both 5-HT1A and 5-HT2A receptors 
and harm avoidance — a multifaceted temperament 
trait54 that contains elements of anxiety, inhibition, and 
inflexibility. studies in animals and healthy humans 
support the possibility that 5-HT1A and 5-HT2A receptor 
activity has a role in anxiety55–58. It is important to note 
that there is high co-localization (80%) of the 5-HT2A 
and 5-HT1A postsynaptic receptors in the rodent frontal 
cortex59 and other cortical regions60. Through interneu-
rons, they mediate, respectively, direct hyperpolarizing 
and depolarizing actions of 5-HT on prefrontal neu-
rons that project to cortical and subcortical areas61,62. 
Interactions between 5-HT1A and 5-HT2A receptors 
in the medial prefrontal cortex (mPFC) and related 
regions seem to modulate anxiety, attentional function-
ing63, impulsivity and compulsive perseveration62, and 
exploration of new environments64. It remains to be 
determined whether the imbalance between enhanced 
5-HT1A and diminished 5-HT2A receptor binding poten-
tial contributes to such symptoms in individuals with 
eating disorders.

Implications for satiety and the benefit of starvation. It 
is thought that, in individuals with AN, dietary restraint 
reduces anxiety, whereas eating stimulates dysphoric 
mood53,65,66. Is altered 5-HT function the link between 
restricted feeding behaviour and anxiety in subjects 
suffering from AN? It is well-known that carbohydrate 
intake increases extracellular 5-HT concentrations in 
the brain through complex metabolic effects on tryp-
tophan, the amino acid precursor of 5-HT53,67. We pro-
pose that, both premorbidly and after recovery from 
AN, a normal amount of food ingestion is associated 
with exaggerated extracellular brain 5-HT secretion68. 
This is consistent with increased CsF 5-HIAA levels in 
people who have recovered from AN68. Increased 5-HT 
concentrations inhibit appetite, perhaps through acti-
vation of 5-HT2C receptors69; however, 5-HT2C recep-
tor binding has not been measured by imaging studies 
in individuals with AN. Increased 5-HT1A binding 
potential is positively associated with harm avoidance 
in subjects who have recovered from AN40 (FIG. 2), and 
enhanced anxiety and harm avoidance are traits that 
are present premorbidly and persist after recovery from 
AN. It is therefore possible that carbohydrate-induced 
increases in extracellular 5-HT levels drive anxiety and 
harm avoidance through stimulation of 5-HT1A recep-
tors (FIG. 2), offering a potential explanation for feed-
ing-related dysphoric mood in AN. By contrast, when 
individuals with AN starve, extracellular 5-HT con-
centrations might diminish, resulting in a brief respite 
from dysphoric mood. studies in animals and healthy 
humans show that both a restricted diet (which signifi-
cantly lowers plasma tryptophan) and experimentally 
reduced tryptophan depletion decrease 5-HT synthesis 
in the brain67,70,71. Indeed, malnourished and emaciated 
individuals with AN have reduced plasma tryptophan 

availability 72,73 and reduced CsF 5-HIAA levels74. 
Importantly, experimental manipulations that reduce 
the levels of tryptophan in the brain decrease anxiety 
in both ill and recovered AN subjects53. However, star-
vation in AN seems to be associated with a compensa-
tory increase in postsynaptic 5-HT1A receptor binding 
potential39. moreover, 5-HT2A receptor binding is posi-
tively related to harm avoidance in subjects suffering 
from AN. Therefore, when individuals with AN are 
forced to eat (FIG. 2), it is likely that they have a relative 
increase in extracellular 5-HT concentrations in the 
brain, leading to an exaggeration of dysphoric mood. 
Thus, individuals with AN might pursue starvation 
in an attempt to avoid the dysphoric consequences of  
eating and consequently spiral out of control.

Dopamine and reward processing in AN. People with 
AN often exercise compulsively, are anhedonic and 
ascetic, and find little in life that is rewarding aside 
from the pursuit of weight loss1. such temperament 
persists, in a more modest form, after recovery24,75, 
indicating that these characteristics are traits rather 
than being state related. DA dysfunction, particularly 
in striatal circuits, might contribute to altered reward 
and affect, decision-making and executive control, as 
well as stereotypic motor movements and decreased 
food ingestion in subjects with AN76. evidence that 
the DA system is involved in AN includes reduced 
CsF levels of DA metabolites in both ill individuals and 
those having recovered from AN77, functional DA D2 
receptor (DRD2) gene polymorphisms in subjects with 
AN78 and impaired visual discrimination learning79, 
which is thought to reflect DA-signalling function, in 
individuals with AN. A PeT study found that subjects 
who recovered from AN had increased D2/D3 recep-
tor (DRD3) binding in the ventral striatum76, a region 
that modulates responses to reward stimuli80,81. This 
could indicate increased D2/D3 densities, decreased 
extracellular DA, or both, in individuals who recovered 
from AN. In addition, D2/D3 receptor binding in the 
dorsal caudate–dorsal putamen correlated positively 
with harm avoidance in subjects who had recovered 
from AN76.

To determine whether individuals who have recov-
ered from AN have fundamentally different responses 
to reward compared with healthy controls, an event-
related fmRI study examined the blood oxygen level-
dependent (BolD) signal while participants performed 
a simple choice and feedback task82. The task was 
adapted from a well-characterized ‘guessing-game’ 
protocol83 that is known to activate the ventral striatum 
and subgenual ACC, with control participants showing 
differential activity in these areas in response to positive 
and negative monetary feedback. In the subjects who 
had recovered from AN activity in the subgenual ACC 
and its ventral striatal target was similar during posi-
tive and negative feedback82, suggesting that individu-
als with AN have a circuit-based abnormality during 
this simple task and might have difficulty discriminat-
ing between positive and negative feedback. Animal 
studies show that DA has a role in the processing of 
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Hedonic
A sensation related to or 
characterized by pleasure

motivational aspects to stimuli in the ventral striatum: 
DA modulates the influence of limbic inputs on stri-
atal activity30,80,81 and is thought to thereby mediate the 
‘binding’ of hedonic evaluation of stimuli to objects or 
acts (‘wanting’ response)84. The ventral striatal responses 
in subjects who had recovered from AN82 might reflect a 
failure to appropriately bind, modulate or discriminate 
responses to salient stimuli. These data support the pos-
sibility that individuals who have recovered from AN 
might have an impaired ability to identify the emotional 
significance of stimuli30, which could be important in 
understanding why it is so difficult to motivate them to 
engage in treatment or appreciate the consequences of 
their behaviour85.

moreover, the women who had recovered from AN 
had exaggerated activation in the caudate–dorsal stria-
tum and in the ‘cognitive’ cortical regions that project to 
this area, specifically the DlPFC and the parietal cor-
tex82. The caudate nucleus is activated by tasks in which 
there is both a perceived connection between action 
and outcome, and some uncertainty about whether the 
action will lead to the desired outcome86. many of these 
women indicated an attempt at ‘strategic’ (as opposed 
to hedonic) responses to improve the ratio of wins to 
losses, which perhaps contributed to the greater activa-
tion of this region. In the absence of appropriate reward 
processing through ventral-striatal/DA paths, individuals 
who have recovered from AN might focus on a detailed 
strategy rather than the overall situation87. From another 
perspective, control women appropriately ‘lived in the 
moment’. That is, they realized they had to make a guess 
and then moved on to the next task. By contrast, subjects 
with AN tend to exaggeratedly and obsessively worry 
about the consequences of their behaviours — looking 
for ‘rules’ when there are none — and are overly con-
cerned about making mistakes. A recent fmRI imaging 
study, using a set shifting task, showed relatively similar 
findings in individuals with AN88, namely hypoactiva-
tion in the ventral anterior cingulate-striato-thalamic 
loop, with predominant activation of frontoparietal 
networks. Together these data suggest that individu-
als with AN might be less able to precisely modulate 
affective response to immediately salient stimuli but 
have increased activity in neurocircuits concerned with  
planning and consequences.

Serotonin–dopamine interactions. Do interactions 
between 5-HT and DA systems contribute to symptoms 
in AN? It has been speculated that 5-HT is the crucial 
substrate of an aversive motivational system which 
might oppose a DA-related appetitive system89,90. Indeed, 
studies of animals show that 5-HT2C receptors tonically 
inhibit DA neurons91,92. A PeT study in subjects that 
had recovered from eating disorders found positive cor-
relations between 5-HT transporter and D2/D3 recep-
tor binding in the ventral striatum and dorsal caudate  
(u. F. Bailer and W.H.K., unpublished observations). 
From another perspective, studies suggest that 5-HT 
has a role in action choice by controlling the timescale 
of delayed rewards through differential effects on ven-
tral and dorsal striatal circuits93,94. This is consistent with 

evidence that reduced and increased 5-HT activity are 
associated with impulsive, aggressive behaviours and 
behavioural inhibition, respectively43,93,95. Considered 
together, individuals with AN might have a trait towards 
an imbalance between 5-HT and DA pathways, which 
could have a role in an altered interaction between  
ventral and dorsal neurocircuits.

Despite considerable evidence of 5-HT abnor-
malities, individuals with AN show little response, in 
terms of improvement of mood or reduction of core 
eating disorder symptoms, when treated with selective 
serotonin re-uptake inhibitors (ssRIs)96. The efficacy 
of ssRIs is dependent on neuronal release of 5-HT97, 
and 5-HT release in turn results in desensitization of  
the 5-HT1A receptor98. It is possible that elevated activ-
ity of 5-HT1A receptors in the raphe nucleus of subjects 
with AN (FIG. 2) results in reduced 5-HT neuronal firing, 
and thus decreased extracellular 5-HT levels74, consist-
ent with the reduced CsF 5-HIAA levels found in these 
individuals. Therefore, it is possible that ssRIs are not 
effective in individuals with AN because ssRIs would 
not have much effect if synaptic 5-HT levels are depleted 
by malnutrition. Preliminary data raise the possibility 
that olanzapine (Zyprexa; eli lilly) — which has effects 
on both DA and 5-HT receptors — and possibly other 
atypical antipsychotics might be useful for increasing 
weight gain and reducing anxiety and obsessionality 
in AN99.

Neurocircuitry of appetite
How can individuals with AN restrict their food intake 
every day, maintain a low weight for many years and 
sometimes die of starvation, when most people strug-
gle to lose a few pounds? Appetite is a complex incen-
tive motivational drive and is thought to depend on 
inter related psychobiological factors including food’s 
rewarding properties, an individual’s homeostatic 
needs and the cognitive ability to favour alternative (to 
eating) behaviours100–102. Appetite is clearly disturbed in 
subjects with AN: they dislike high-fat foods103,104, do 
not find sucrose aversive when satiated and fail to rate 
food as positive when hungry105,106. These responses 
tend not to change following weight regain and, as 
noted above, there is evidence that dietary restraint 
reduces anxiety and that eating results in dysphoric 
mood in individuals with AN53,65,66. The complex food 
consummatory symptoms of eating disorders are rela-
tively unique and have a stereotypic and relentless 
expression, supporting the possibility that they reflect 
some aberrant function of neural circuits involved in 
regulating eating behaviour.

Although a sweet-taste perception task does not test 
the complexity of food choices107, it can be used in brain 
imaging studies to activate brain areas involved in appe-
tite regulation. sweet-taste perception (FIG. 3) is periph-
erally mediated by tongue receptors108 through a neural 
system consisting of cranial nerves, the nucleus tractus 
solitarii, and thalamic ventroposterior medial nucleus, 
to the primary gustatory cortex, which in humans com-
prises the frontal operculum and the anterior insula109–113. 
The anterior insula and associated gustatory cortex 
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respond to the taste and physical properties of food, and 
may also respond to its rewarding properties114–117.

other regions comprising the ventral neurocircuit 
mentioned above are interconnected with the insula 
(FIG. 3), including the amygdala, the ventral ACC and 
the oFC. The ACC is linked to hypothalamic and brain-
stem pathways that mediate autonomic and visceral con-
trol118,119. The pregenual ACC is implicated in ‘conflict 

monitoring’ and detecting unpredicted outcomes to 
guide subsequent behaviour80,120–122. The oFC is asso-
ciated with flexible responses to changing stimuli: it 
responds to the anticipated negative (or positive) value 
of external stimuli and flexibly alters responses based on 
changing incentive values of a stimulus123–126. The ante-
rior insula, ACC and oFC all innervate a broad region 
of the rostral ventral striatum, in which behavioural 
repertoires are computed based on these inputs. These 
interconnected regions of the ventral neurocircuit play 
an important part in determining homeostatic appe-
titive needs (FIG. 3). Indeed, brain imaging studies have 
consistently shown that food deprivation (compared 
to having been fed) in healthy individuals activates the 
insula and the oFC117,127–130. Cortical regions included in 
the dorsal neurocircuit — such as the DlPFC, the pari-
etal cortex and the posterior insular region — mediate 
cognitive functions such as planning and sequencing. 
These regions send inputs to more dorsolateral parts of 
the striatum, but also might interface and overlap with 
ventral striatal areas131,132. Together, these inputs are 
thought to modulate the striatal activity that underlies 
the approach or avoidance of food.

Administering sucrose or water to subjects who 
have recovered from AN results in a reduced BolD 
response in the insula, ACC and striatum as compared 
with control subjects133. In healthy controls, self-ratings 
of pleasantness of the sugar taste correlated positively 
with the BolD response in the insula, the ACC and the 
ventral and dorsal putamen133. Consistent with the idea 
that the ability to perceive a palatable taste is fundamen-
tally altered in AN, individuals who had recovered from 
AN failed to show any relationship between activity in 
these regions and self-ratings of the pleasantness of the 
sucrose taste. These findings are supported by other 
brain imaging studies in which the observation of food 
pictures by underweight subjects with AN led to altered 
activity in the insula, the oFC, the mesial temporal and 
parietal cortex and the ACC134–138. moreover, the altered 
activity in the supergenual ACC and medial prefron-
tal cortex persisted after recovery33. Altered activity 
in the anterior insula, its visceroceptive and propriocep-
tive afferents, and its efferents to the oFC, the ACC,  
the amygdala and the ventral striatum might underlie the  
alterations found in subjects with AN in linking sensory-
hedonic experiences to the motivational components  
of reward139.

A central role for the anterior insula? The anterior 
insula is crucially involved in interoceptive process-
ing140–142. Interoception includes a range of sensations 
beyond taste, including the perception of pain, tem-
perature, itch, tickle, sensual touch, muscle tension, air 
hunger, stomach pH and intestinal tension. Integration 
of these internal feelings provides an integrated sense of 
the physiological condition of the entire body143 and is 
crucial for the instantiation of the ‘self ’ because it pro-
vides the link between cognitive and affective processes 
and the current body state140–142,144,145.

It is thought that altered interoceptive awareness might 
be a precipitating and reinforcing factor in AN10,146–148. 

Figure 3 | cortical-striatal pathways with a focus on taste. Chemoreceptors on the 
tongue detect a sweet taste. The signal is then transmitted through brainstem and 
thalamic taste centres to the primary gustatory cortex, which lies adjacent to and is 
densely interconnected with the anterior insula. The anterior insula is an integral part of 
a ‘ventral (limbic) neurocircuit’ through its connections with the amygdala, the anterior 
cingulate cortex (ACC) and the orbitofrontal cortex (OFC). Afferents from the cortical 
structures involved in the ventral neurocircuit (anterior insula and interconnected limbic 
cortices) are directed to the ventral striatum, whereas cortical structures involved in 
cognitive strategies (forming a dorsal neurocircuit) send inputs to the dorsolateral 
striatum. Therefore, the sensory aspects of taste are primarily an insula phenomenon, 
whereas higher cortical areas modulate pleasure, motivation and cognitive aspects of 
taste. These aspects are then integrated, resulting in an ‘eat’ or ‘do not eat’ decision. 
Coding the awareness of pleasant sensation from the taste experience via the anterior 
insula might be altered in subjects with anorexia nervosa, tipping the balance of striatal 
processes away from normal, automatic reward responses mediated by the ventral 
striatum and towards a more ‘strategic’ approach mediated by the dorsal striatum. The 
figure links each cortical structure with  arrows, indicating that all cortical structures 
project to striatum in a topographic manner. DLPFC, dorsolateral prefrontal cortex; NTS, 
nucleus tractus solitarii.
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Healthy Anorexia nervosa The role of the anterior insula in integrating interocep-
tive information and the altered insula activity that has 
been found in individuals with AN (see earlier) supports 
the idea that they might suffer from a fundamentally and 
physiologically altered sense of self149. Indeed, many of the 
symptoms of AN, such as distorted body image, lack of 
recognition of the symptoms of malnutrition (for example, 
a failure to appropriately respond to hunger) and dimin-
ished motivation to change, could be related to disturbed 
interoceptive awareness. In particular, there might be a 
qualitative change in the way that specific interoceptive 
information is processed. For example, individuals with 
AN might experience an aversive visceral sensation when 
exposed to food or food-related stimuli. This experience 
might fundamentally alter the reward-related properties 
of food and result in a bias towards negative emotionality. 
moreover, the aversive interoceptive experience associated 
with food might trigger top-down modulatory processes 
aimed at anticipating and minimizing the exposure to 
food stimuli (‘harm avoidance’), which leads to increased 
anticipatory processing aimed to reduce the exposure to 
the aversively valued stimulus. Therefore, individuals with 
AN might exhibit attenuated responses to the immediate 
reward-related signal of food (reducing hunger) but show 
increased responses to the long-term reward-signal asso-
ciated with the goal of weight reduction or other ‘ideal’ 
cognitive constructs. Finally, the anterior insula has been 
implicated in risk prediction errors150, suggesting that 
impairments in insula function might lead to anomalous 
attitudes in a context of uncertainty and thus contribute 
to harm avoidance.

Therefore, given the prominent alterations in insula 
activity in individuals with AN, one might speculate that 
they experience an altered sensitivity to or integration of 
internal body signals. specifically, the projection of the 
anterior insula to the anterior cingulate may modulate 
the degree to which cognitive control is engaged to alter 
behaviour towards poor decision making that does not 
subserve the homeostatic weight balance but instead 
results in progressive weight loss.

A neurocircuitry of appetite regulation in AN. Based 
on the above processes and associated brain areas, we 
can begin to assemble a neural systems processing 
model of AN (FIG. 4). specifically, top-down (cortical) 
amplification of anticipatory signals related to food 
or stimuli associated with satiety signals (integrated 
within the insula) could trigger behavioural strategies 
for avoiding exposure to food. These anticipatory inte-
roceptive stimuli are associated with an aversive body  
state that resembles some aspects of the physiological state  
of the body after feeding. This abnormal response to 
food anticipation might function as a learning sig-
nal to further increase avoidance behaviour, that is,  
to engage in activities aimed at minimizing exposure to  
food. specifically, stimuli that predict food intake, such 
as displays of food or food smells, could generate a 
‘body prediction error’, resulting from comparing the 
current body state with the anticipated body state (for 
example, feeling satiated) after feeding. This prediction 
error would generate a motivational or approach signal 

Figure 4 | impaired balance between interoceptive and reward processing. We 
propose that subjects with anorexia nervosa (AN) experience a strong conflict between 
the biological need for food and the acquired aversive association with food. In healthy 
individuals, the presentation of food‑related stimuli is associated with ascending 
interoceptive afferents that converge on the anterior insula, which processes 
state‑related positive or negative valuation of these signals. In individuals with AN this 
interoceptive information is biased towards the negative or aversive properties of food. 
As a consequence, top‑down, cortical circuits (dotted box) are engaged to resolve the 
conflict between the need for food and the aversive interoceptive evaluation, 
processed in the anterior insula. Thus, top‑down modulatory circuits are over‑engaged 
in people with AN, which emerges on a symptomatic level as high anticipatory 
reactivity, behavioural rigidity and excessive worry about future events. On a biological 
level, these dysfunctions are implemented in a neural system consisting of the 
ascending interoceptive pathways, the insular cortex, the amygdala and the anterior 
cingulate cortex (not shown). This information converges in the striatum, which receives 
inputs from the anterior insula (for the integrated bottom‑up information) and the 
prefrontal cortex (for the top‑down modulation relating to cognitive control circuits). 
The excessive top‑down cognitive control in subjects with AN in response to 
interoceptive stimuli alters the striatal responses, shifting the behavioural event horizon 
towards satisfying long‑term goals (avoiding food, getting thin) rather than short‑term 
goals (eating food).
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in healthy individuals but might lead to an avoidance 
signal in AN.

The dorsal and ventral neurocircuits described earlier 
might be involved in these processes: The ACC, one of 
the projection areas of the insular cortex, is important 
in processing the conflict between available behaviours 
and outcomes, for example, “shall I eat this cake and sat-
isfy my hunger now or shall I not eat this cake and stay  
thin?”151. The oFC, another projection area of the ante-
rior insular cortex152, can dynamically adjust reward 
valuation based on the current body state of the indi-
vidual153. The DPlFC can switch between competing 
behavioural programmes based on the error signal it 
receives from the ACC154.

Although we do not propose here that AN is an insula-
specific disorder, we speculate that an altered insula 
response to food-related stimuli is an important compo-
nent of this disorder. If this is indeed the case, one would 
need to determine whether insula-specific interventions, 
such as sensitization or habituation of interoceptive sensi-
tivity through real-time monitoring of the insular cortex 
activation, might help. moreover, computational models 
such as those that have been proposed for addiction155 
might provide a theoretical approach to better understand  
the complex pathology of this disorder.

Within the framework of the ventral and dorsal 
neurocircuits described earlier, there are also poten-
tial explanations for other core components of clinical 
dysfunction in AN. Negative affect — such as anxiety 
and harm avoidance — and anhedonia could be related 
to difficulties in accurately coding or integrating posi-
tive and negative emotions within ventral striatal cir-
cuits. There is considerable overlap between circuits 
that modulate emotionality and the rewarding aspects 
of food consumption156. Food is pleasurable in healthy 
individuals but feeding is anxiogenic in individuals with 
AN, and starvation might serve to reduce dysphoric 
mood states. The neurobiologic mechanisms responsi-
ble for such behaviours remain to be elucidated, but it is 
possible that an enhancement of 5-HT-related aversive 
motivation, and/or diminished DA-related appetitive 
drives89,90 contribute to these behaviours.

Finally, it is possible that perfectionism and obses-
sional personality traits are related to exaggerated cogni-
tive control by the DlPFC. The DlPFC might develop 
excessive inhibitory activity to dampen information 
processing through reward pathways157. Alternatively, 
increased activation of cognitive pathways might com-
pensate for primary deficits in limbic function: when 
there are deficits in emotional regulation, overdepend-
ence upon cognitive rules is a reasonable strategy of 
self-management158. The inability to ‘follow one’s gut 
(or heart)’ — that is, make effective use of interocep-
tive information — is impaired in individuals with AN. 
moreover, there is a clear shift away from valuing imme-
diate outcomes to those associated with delayed or long-
term outcomes. This behaviour is almost completely 
opposite to that observed in individuals with alcohol or 
substance abuse159 and is consistent with the observa-
tion that individuals with AN have low comorbidity with 
drug and alcohol use disorders160.

Conclusions and future directions
We propose that somatic, autonomic and visceral infor-
mation is aberrantly processed in people who are vul-
nerable to developing AN. Brain changes associated 
with puberty might further challenge these processes. 
For example, orbital and dorsolateral prefrontal cortex 
regions develop greatly during and after puberty161, and 
increased activity of these cortical areas might be a cause 
of the excessive worry, perfectionism and strategizing 
in people with AN. It is possible that in subjects with 
AN, hyperactivity of cognitive networks in the dorsal 
neurocircuit (for example, DlPFC to dorsal striatum) 
directs motivated actions when the ability of the ventral 
striatal pathways to direct more ‘automatic’ or intuitive 
motivated responses is impaired. Another possibility is 
that in individuals with AN (otherwise adequate) limbic- 
striatal information processing in the ventral circuit is too 
strongly inhibited by converging inputs from cognitive 
domains such as the DlPFC and the parietal cortex.

It is possible that such trait-related disturbances are 
related to altered monoamine neuronal modulation that 
predates the onset of AN and contributes to premorbid 
temperament and personality symptoms. specifically, 
disturbances in the 5-HT system contribute to a vulner-
ability for restricted eating, behavioural inhibition and 
a bias towards anxiety and error prediction, whereas 
disturbances in the DA system contribute to an altered 
response to reward. several factors might act on these 
vulnerabilities to cause the onset of AN in adolescence. 
First, puberty-related female gonadal steroids or age-
related changes might exacerbate 5-HT and DA system 
dysregulation. second, stress and/or cultural and soci-
etal pressures might contribute by increasing anxious 
and obsessional temperament. Individuals find that 
restricting food intake is powerfully reinforcing because 
it provides a temporary respite from dysphoric mood. 
People with AN enter a vicious cycle — which could 
account for the chronicity of this disorder — because 
eating exaggerates, whereas food refusal reduces, an 
anxious mood.

The temperament and personality traits that might 
create a vulnerability to develop AN might also have a 
positive aspect. These traits include attention to detail, 
concern about consequences and a drive to accomplish 
and succeed. It is our clinical experience that many 
individuals who recover from AN do well in life. It is 
tempting to speculate that the ability to plan ahead, con-
trol impulses, and avoid harm might have had highly 
adaptive value for ancestors who lived in environments 
where food supplies were constrained by long periods 
of cold weather (for example, worry in July about food 
supplies in January). Adolescence is a time of transition: 
individuals leave the security of their home environment 
and must learn to balance immediate and long-term 
needs and goals to achieve independence158. For such 
individuals, learning to flexibly interact with and master 
complex and mixed cultural and societal messages and 
pressures and cope with stress, might be difficult and 
overwhelming, which could exacerbate possible under-
lying traits of harm avoidance and a desire to achieve 
perfection.
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AN has the highest mortality rate of any psychi-
atric disorder. It is expensive to treat and we have 
inadequate therapies. It is crucial to understand the 
neurobiologic contributions and their interactions 
with the environment, in order to develop more effec-
tive therapies. Therefore, future imaging studies should 
focus on characterizing neural circuits, their functions 

and their relationship to behaviour in individuals with 
AN. Genetic studies might shed light on the complex 
interactions of molecules within these neural circuits. 
Finally, prospective and longitudinal studies should 
focus on identifying the neurobiologic traits and 
external factors (BOX 2) that create a susceptibility for 
developing AN.

 Box 2 | From vulnerability to illness — the complex aetiology of anorexia nervosa

Anorexia	nervosa	(AN)	is	thought	to	be	a	disorder	of	complex	aetiology,	in	which	genetic,	biological,	psychological	and	
sociocultural	factors,	and	interactions	between	them,	seem	to	contribute	significantly	to	susceptibility10,11,158,162.	Because	
no	single	factor	has	been	shown	to	be	either	necessary	or	sufficient	for	causing	anorexia	nervosa,	a	multifactorial	
threshold	model	might	be	most	appropriate	(for	a	review	see	 REF. 158).	Typically,	AN	begins	with	a	restrictive	diet	and	
weight	loss	during	teenage	years,	which	progresses	to	an	out-of-control	spiral	(FIG. 1).	Therefore,	individuals	might	cross	
a	threshold	in	which	a	premorbid	temperament,	interacting	with	stress	and/or	psychosocial	factors,	progresses	to	an	
illness	with	impaired	insight	and	a	powerful,	obsessive	preoccupation	with	dieting	and	weight	loss.	Adolescence	is	a	time	
of	profound	biological,	psychological	and	sociocultural	change,	and	it	demands	a	considerable	degree	of	flexibility	to	
successfully	manage	the	transition	into	adulthood.	Psychologically,	change	might	challenge	the	perfectionism,	harm	
avoidance	and	rigidity	of	those	at	risk	of	AN	and	thus	fuel	an	underlying	vulnerability.	The	biological	changes	of	
adolescence	or	puberty	might	also	increase	the	risk	of	onset	of	eating	disorders.	This	possibility	is	supported	by	twin	
studies163	which	implied	that	puberty	might	have	a	role	in	activating	the	genetic	predisposition	for	eating	disorder	
symptoms.	Moreover,	the	biological	changes	associated	with	adolescence	differ	between	males	and	females,	which	
could	explain	the	sexual	dimorphism	of	AN.	For	example,	menarche	is	associated158	with	a	rapid	change	in	body	
composition	and	neuropeptides	modulating	metabolism.	Little	is	known	about	whether	the	rise	in	oestrogen	levels	
associated	with	puberty	in	females	is	contributory	to	AN,	but	it	could	affect	neuromodulatory	systems	such	as	
serotonin164	or	neuropeptides165	that	affect	feeding,	emotionality	and	other	behaviours.

1. American Psychiatric Association. Diagnostic and 
Statistical Manual of Mental Disorders 4th edn 
(American Psychiatric Association, Washington, DC 
1994).

2. Lilenfeld, L. R. et al. A controlled family study of 
anorexia nervosa and bulimia nervosa: psychiatric 
disorders in first-degree relatives and effects of proband 
comorbidity. Arch. Gen. Psychiatry 55, 603–610 
(1998).

3. Walters, E. E. & Kendler, K. S. Anorexia nervosa and 
anorexic-like syndromes in a population-based female 
twin sample. Am. J. Psychiatry 152, 64–71 (1995).

4. Berrettini, W. Genetics of psychiatric disease. Annu. 
Rev. Med. 51, 465–479 (2000).

5. Bulik, C. et al. Prevalence, heritability and prospective 
risk factors for anorexia nervosa. Arch. Gen. 
Psychiatry 63, 305–312 (2006).

6. Wade, T., Martin, N. G. & Tiggemann, M. Genetic and 
environmental risk factors for the weight and shape 
concerns characteristic of bulimia nervosa. Psychol. 
Med. 28, 761–771 (1998).

7. Rutherford, J., McGuffin, P., Katz, R. J. & Murray, R. M. 
Genetic influences on eating attitudes in a normal 
female twin population. Psychol. Med. 23, 425–436.

8. Bulik, C., Slof-Op’t Landt M, van Furth, E. & Sullivan, P. 
The genetics of anorexia nervosa. Ann. Rev. Nutr. 27, 
263–275 (2007).

9. Strober, M., Freeman, R., Lampert, C., Diamond, J. & 
Kaye, W. Controlled family study of anorexia nervosa 
and bulimia nervosa: evidence of shared liability and 
transmission of partial syndromes. Am. J. Psychiatry 
157, 393–401.

10. Lilenfeld, L., Wonderlich, S., Riso, L. P., Crosby, R. & 
Mitchell, J. Eating disorders and personality: a 
methodological and empirical review. Clin. Psychol. 
Rev. 26, 299–320 (2006).
This paper, which reviews the relationship between 
personality and eating disorders, shows that negative 
emotionality, perfectionism, drive for thinness, poor 
interoceptive awareness, ineffectiveness and obses-
sive-compulsive personality traits are probable 
predisposing factors for AN and BN. 

11. Stice, E. Risk and maintenance factors for eating 
pathology: a meta-analytic review. Psychopharm. Bull. 
128, 825–848 (2002).

12. Anderluh, M. B., Tchanturia, K., Rabe-Hesketh, S. & 
Treasure, J. Childhood obsessive-compulsive 
personalitiy traits in adult women with eating 

disorders: defining a broader eating disorder 
phenotype. Am. J. Psychiatry. 160, 242–247 (2003).
One of the first studies to find that childhood traits 
reflecting obsessive-compulsive personality seem 
to be important risk factors for the development of 
eating disorders. Such traits may represent 
markers of a broader phenotype for a specific 
subgroup of patients with AN.

13. Bulik, C. et al. Genetic epidemiology, endophenotypes, 
and eating disorder classification. Int. J. Eat. Disord. 
40, S52–S60 (2007).

14. Pollice, C., Kaye, W. H., Greeno, C. G. & Weltzin, T. E. 
Relationship of depression, anxiety, and obsessionality 
to state of illness in anorexia nervosa. Int. J. Eat. 
Disord. 21, 367–376 (1997).

15. Katzman, D. K. et al. Cerebral gray matter and white 
matter volume deficits in adolescent girls with 
anorexia nervosa. J. Pediat. 129, 794–803 (1996).

16. Kaye, W., Wagner, A., Frank, G., U. F. Review of brain 
imaging in anorexia and bulimia nervosa  in Annual 
Review of Eating Disorders, Part 2 (eds Wonderlich, 
S., Mitchell, J., De Zwann, M. & Steiger, H.) 113–130 
(Radcliffe Publishing Ltd, Abingdon UK, 2006).

17. Boyar, R. K. et al. Anorexia nervosa. Immaturity of the 
24-hour luteinizing hormone secretory pattern. 
N. Engl. J. Med. 291, 861–865 (1974).

18. Schwartz, M. W., Woods, S. C., Porte, D. Jr, Seeley, 
R. J. & Baskin, D. G. Central nervous system control of 
food intake. Nature 404, 661–671 (2000).

19. Inui, A. Eating behavior in anorexia nervosa—an 
excess of both orexigenic and anorexigenic signalling? 
Mol. Psychiatry. 6, 620–624 (2001).

20. Jimerson, D., Wolfe, B. Psychobiology of eating 
disorders in Annual Review of Eating Disorders, Part 2 
(eds Wonderlich, S., Mitchell, J., De Zwann, M. & 
Steiger, H.) 1–15 (Radcliffe Publishing Ltd, Abingdon 
UK, 2006).

21. Kaye, W. H. et al. Elevated cerebrospinal fluid levels of 
immunoreactive corticotropin-releasing hormone in 
anorexia nervosa: relation to state of nutrition, 
adrenal function, and intensity of depression. J. Clin. 
Endocrinol. Metab. 64, 203–208 (1987).

22. Godart, N. et al. Comorbidity studies of eating 
disorders and mood disorders. Critical review of the 
literature. J. Affect. Disord. 97, 37–49 (2007).

23. Kaye, W. et al. Comorbidity of anxiety disorders with 
anorexia and bulimia nervosa. Am. J. Psychiatry 161, 
2215–2221 (2004).

24. Wagner, A. et al. Personality traits after recovery from 
eating disorders: do subtypes differ? Int. J. Eat. 
Disord. 39, 276–284 (2006).

25. Steinhausen, H. C. The outcome of anorexia nervosa 
in the 20th century. Am. J. Psychiatry 159,  
1284–1293 (2002).

26. Strober, M., Freeman, R. & Morrell, W. The long-term 
course of severe anorexia nervosa in adolescents: 
survival analysis of recovery, relapse, and outcome 
predictors over 10–15 years in a prospective study. 
Int. J. Eat. Disord. 22, 339–360 (1997).

27. Casper, R. C. Personality features of women with good 
outcome from restricting anorexia nervosa. 
Psychosom. Med. 52,156–170 (1990).

28. Srinivasagam, N. M. et al. Persistent perfectionism, 
symmetry, and exactness after long-term recovery 
from anorexia nervosa. Am. J. Psychiatry 152,  
1630–1634 (1995).

29. Phillips, M., Drevets, W.  R. & Rauch, S. L. Neurobiology 
of emotion perception II: implications for major 
psychiatric disorders Biol. Psych. 54, 515–528 (2003).

30. Phillips, M., Drevets, W. R., Rauch S. L. & Lane, R. 
Neurobiology of emotion perception I: The neural 
basis of normal emotion perception Biol. Psych. 54, 
504–514 (2003).
References 29 and 30 provide an outstanding 
synthesis of neural processes underlying emotional 
perception, as well as how distinct patterns of 
structural and functional abnormalities in neural 
systems important for emotion processing are 
associated with specific symptoms of schizophrenia 
and bipolar and major depressive disorder.

31. Gordon, I., Lask, B., Bryant-Waugh, R., Christie, D. & 
Timimi, S. Childhood-onset anorexia nervosa: towards 
identifying a biological substrate. Int. J. Eat. Disord. 
22, 159–165 (1997).

32. Rastam, M. et al. Regional cerebral blood flow in 
weight-restored anorexia nervosa: a preliminary  
study. Dev. Med. Child. Neurol. 43, 239–242 (2001).

33. Uher, R. et al. Recovery and chronicity in anorexia 
nervosa: brain activity associated with differential 
outcomes. Biol. Psychiatry 54, 934–942 (2003).
One of the first neuroimaging studies to identify 
neural correlates of food stimuli that underlie trait 
and state characteristics of AN.

34. Drevets, W.  R. et al. Serotonin-1A receptor imaging in 
recurrent depression: replication and literature review. 
Nucl. Med. Biol. 34, 865–877 (2007).

R E V I E W S

582 | AuGusT 2009 | volume 10  www.nature.com/reviews/neuro

© 2009 Macmillan Publishers Limited. All rights reserved



35. Lanzenberger, R. et al. Reduced serotonin-1A receptor 
binding in social anxiety disorder. Biol. Psychiatry 61, 
1081–1089 (2007).

36. Neumeister, A. et al. Reduced serotinin type 1A receptor 
binding in panic disorder. J. Neurosci. 24, 589–591 
(2004).

37. Tiihonen, J. et al. Brain serotonin 1A receptor binding in 
bulimia nervosa. Biol. Psychiatry 55, 871–873 (2004).

38. Galusca, B. et al. Organic background of restrictive-
type anorexia nervosa suggested by increased 
serotonin1A receptor binding in right frontotemporal 
cortex of both lean and recovered patients: [18F]MPPF 
PET scan study. Biol. Psychiatry 64, 1009–1013 (2008).

39. Bailer, U. F. et al. Exaggerated 5-HT1A but normal 
5-HT2A receptor activity in individuals ill with anorexia 
nervosa. Biol. Psychiatry 61, 1090–1099 (2007).

40. Bailer, U. F. et al. Altered brain serotonin 5-HT1A 
receptor binding after recovery from anorexia nervosa 
measured by positron emission tomography and 
[Carbonyl11C]WAY-100635. Arch. Gen. Psychiatry 62, 
1032–1041 (2005).

41. Simansky, K. J. Serotonergic control of the 
organization of feeding and satiety. Behav. Brain Res. 
73, 37–42 (1996).

42. Soubrie, P. Reconciling the role of central serotonin 
neurons in human and animal behavior. Beh. Brain 
Sci. 9, 319–364 (1986).

43. Fairbanks, L., Melega, W., Jorgensen, M., Kaplan, J. & 
McGuire, M. Social impulsivity inversely associated 
with CSF 5-HIAA and fluoxetine exposure in vermet 
monkeys. Neuropsychopharmacology 24, 370–378 
(2001).

44. Lesch, K., Merschdorf, U. Impulsivity, aggression, and 
serotonin: a molecular psychobiological perspective. 
Behav. Sci. Law 185, 581–604 (2000).

45. Mann, J. J. Role of the serotonergic system in the 
pathogenesis of major depression and suicidal behavior. 
Neuropsychopharmacology 21, S99–S105 (1999).

46. Brewerton, T. D., Brandt, H. A., Lessem, M. D., 
Murphy, D. L., Jimerson, D. C. Serotonin in eating 
disorders in  Serotonin in Major Psychiatric Disorders 
(Progress in Psychiatry). (eds Coccaro, E. F. & Murphy, 
D. L.) 155–184 (American Psychiatric Press, 
Washington DC, 1990) .

47. Kaye, W. H., Frank, G., Bailer, U. F. & Henry, S. 
Neurobiology of anorexia nervosa: clinical implications 
of alterations of the function of serotonin and other 
neuronal systems.  Int. J. Eat. Disord. 37, S15–S19 
(2005).

48. Stanley, M., Traskman-Bendz, L. & Dorovini-Zis, K. 
Correlations between aminergic metabolites 
simultaneously obtained from human CSF and brain. 
Life Sci. 37, 1279–1286 (1985).

49. Frank, G. K. et al. Reduced 5-HT2A receptor binding 
after recovery from anorexia nervosa. Biol. Psychiatry 
52, 896–906 (2002).

50. Bailer, U. F. et al. Altered 5-HT2A receptor binding after 
recovery from bulimia-type anorexia nervosa: 
relationships to harm avoidance and drive for thinness. 
Neuropsychopharmacology 29, 1143–1155 (2004).

51. Audenaert, K. et al. Decreased 5-HT2a receptor 
binding in patients with anorexia nervosa. J. Nucl. 
Med. 44, 163–169 (2003).

52. Frank, G. K. et al. Altered response to meta-
chlorophenylpiperazine in anorexia nervosa: support 
for a persistent alteration of serotonin activity after 
short-term weight restoration. Int. J. Eat. Disord. 30, 
57–68 (2001).

53. Kaye, W. H. et al. Anxiolytic effects of acute 
tryptophan depletion in anorexia nervosa. Int. J. Eat. 
Disord. 33, 257–267 (2003).

54. Cloninger, C. R., Przybeck, T. R., Svrakic, D. M., 
Wetzel, R. D. in The temperament and character 
inventory (TCI): a guide to its development and use. 
(Center for Psychobiology of Personality, Washington 
University, St Louis, Missouri, USA, 1994).

55. File, S. E., Kenny, P. J. & Cheeta, S. The role of the 
dorsal hippocampal serotonergic and cholinergic 
systems in the modulation of anxiety. Pharmacol. 
Biochem. Behav. 66, 65–72 (2000).

56. Tauscher, J. et al. Inverse relationship between 
serotonin 5-HT1A receptor binding and anxiety: a [11C]
WAY-100635 PET investigation in healthy volunteers. 
Am. J. Psychiatry 158,1326–1328 (2001).

57. Weisstaub, N. et al. Cortical 5-HT2A receptor signaling 
modulates anxiety-like behaviors in mice. Science 
313, 536–540 (2006).

58. Moresco, F. M. et al. In vivo serotonin 5HT2A receptor 
binding and personality traits in healthy subjects: A 
positron emission tomography study. NeuroImage 17, 
1470–1478 (2002).

59. Amargos-Bosch, M. et al. Co-expression and in vivo 
interaction of serotonin1A and serotonin2A receptors in 
pyramidal neurons of prefrontal cortex. Cereb. Cortex 
14, 281–299 (2004).

60. Varnas, K., Halldin, C. & Hall, H. Autoradiographic 
distribution of serotonin transporters and receptor 
subtypes in human brain. Hum. Brain Mapp. 22, 
246–260 (2004).

61. Santana, N., Bortolozzi, A., Serrats, J., Mengod, G. & 
Artigas, F. Expression of serotoinin1A and serotonin2A 
receptor in pyramidal and GABAergic neurons of the 
rat prefrontal cortex. Cereb. Cortex.  14, 1100–1109 
(2004).

62. Carli, M., Baviera, M., Invernizzi, R. & Balducci, C. 
Dissociable contribution of 5-HT1A and 5-HT2A 
receptors in the medial prefrontal cortex to different 
aspects of executive control such as impulsivity and 
compulsive perseveration in rats 
Neuropsychopharmacology 31, 757–767 (2006).

63. Winstanley, C. A. et al. Intra-prefrontal 8-OH-DPAT 
and M100907 improve visuospatial attention and 
decrease impulsivity on the five-choice serial reaction 
time task in rats. Psypchopharmacology (Berl.) 167, 
304–314 (2003).

64. Krebs-Thomson, K. & Geyer, M. A. Evidence for a 
functional interaction between 5-HT1A and 5-HT2A 
receptors in rats. Psychopharmacology (Berl.) 140, 
69–74 (1998).

65. Strober, M. Family-genetic perspectives on anorexia 
nervosa and bulimia nervosa. in Eating Disorders and 
Obesity - A Comprehensive Handbook (eds Brownell, 
K.  & Fairburn, C.) 212–218 (The Guilford Press, New 
York,1995).

66. Vitousek, K. & Manke, F. Personality variables and 
disorders in anorexia nervosa and bulimia nervosa. 
J. Abnorm. Psychol. 103,137–147 (1994).

67. Fernstrom, J. D. & Wurtman, R. J. Brain serotonin 
content: physiological regulation by plasma neutral 
amino acids. Science 178, 414–416 (1972).

68. Kaye, W. H., Gwirtsman, H. E., George, D. T. & Ebert, 
M. H. Altered serotonin activity in anorexia nervosa 
after long-term weight restoration. Does elevated 
cerebrospinal fluid 5-hydroxyindoleacetic acid level 
correlate with rigid and obsessive behavior? Arch. 
Gen. Psychiatry 48, 556–562 (1991).

69. Simansky, K. J. et al. A 5-HT2C agonist elicits 
hyperactivity and oral dyskinesia with hypophagia in 
rabbits. Physiol. Behav. 82, 97–107 (2004).

70. Young, S. N. & Gauthier, S. Effect of tryptophan 
administration on tryptophan, 5- hydroxyindoleacetic 
acid and indoleacetic acid in human lumbar and 
cisternal cerebrospinal fluid. J. Neurol. Neurosurg. 
Psychiatry 44, 323–327 (1981).

71. Anderson, I. M., Parry-Billings, M., Newsholme, E. A., 
Fairburn, C. G. & Cowen, P. J. Dieting reduces plasma 
tryptophan and alters brain 5-HT function in women. 
Psychol. Med. 20, 785–791 (1990).

72. Schweiger, U., Warnhoff, M., Pahl, J. & Pirke, K. M. 
Effects of carbohydrate and protein meals on plasma 
large neutral amino acids, glucose, and insulin  
plasma levels of anorectic patients. Metabolism 35, 
938–943 (1986).

73. Attia, E., Wolk, S., Cooper, T., Glasofer, D. & Walsh, B. 
Plasma tryptophan during weight restoration in 
patients with anorexia nervosa. Biol. Psychiatry 57, 
674–678 (2005).

74. Kaye, W. H., Gwirtsman, H. E., George, D. T.,  
Jimerson, D. C. & Ebert, M. H. CSF 5-HIAA 
concentrations in anorexia nervosa: reduced values  
in underweight subjects normalize after weight gain. 
Biol. Psychiatry 23, 102–105 (1988).

75. Klump, K. et al. Personality characteristics of women 
before and after recovery from an eating disorder. 
Psych. Med. 34,1407–1418 (2004).

76. Frank, G. et al. Increased dopamine D2/D3 receptor 
binding after recovery from anorexia nervosa 
measured by positron emission tomography and  
[11C]raclopride. Biol. Psychiatry 58, 908–912  
(2005).

77. Kaye, W. H., Frank, G. K. & McConaha, C. Altered 
dopamine activity after recovery from restricting-type 
anorexia nervosa. Neuropsychopharmacology 21, 
503–506 (1999).

78. Bergen, A. et al. Association of multiple DRD2 
polymorphisms with anorexia nervosa. 
Neuropsychopharmacology 30,1703–1710 (2005).

79. Lawrence, A. Impaired visual discrimination learning in 
anorexia nervosa. Appetite 20, 85–89 (2003).

80. Montague, R., Hyman, S. & Cohen, J. Computational 
roles for dopamine in behavioural control. Nature 
431, 760–767 (2004).

81. Schultz, W. Neural coding of basic reward terms of 
animal learning theory, game theory, microeconomics 
and behavioural ecology. Science 14, 139–147 (2004).
This is an excellent summary of the new approach 
proposed by Schultz and others as to the function 
of dopamine in learning and reward. Specifically, it 
implicates dopamine as a key learning signal that 
functions to alter relative preferences among 
available choices.

82. Wagner, A. et al. Altered reward processing in women 
recovered from anorexia nervosa. Am. J. Psych. 
164,1842–1849 (2007).

83. Delgado, M., Nystrom, L., Fissel, C., Noll, D. & Fiez, J. 
Tracking the hemodynamic responses to reward and 
punishment in the striatum. J. Neurophysiol. 84, 
3072–3077 (2000).

84. Berridge, K. & Robinson, T. What is the role of 
dopamine in reward: hedonic impact, reward learning, 
or incentive salience? Brain Res. 28, 309–369 (1998).

85. Halmi, K. et al. Predictors of treatment acceptance 
and completion in anorexia nervosa. Arch. Gen. 
Psychiatry 62, 776–781 (2005).

86. Tricomi, E. M., Delgado, M. R. & Fiez, J. A. Modulation 
of caudate activity by action contingency. Neuron 41, 
281–292 (2004).

87. Lopez, C. et al. An examination of the concept of 
central coherence in women with anorexia nervosa. 
Int. J. Eat. Disord. 41, 143–152 (2008).

88. Zastrow, A. et al. Neural correlates of impaired 
cognitive-behavioral flexibility in anorexia nervosa. 
Am. J. Psychiatry 166, 608–616 (2009).
This paper shows that impaired behavioural response 
shifting in AN is associated with hypoactivation in the 
ventral anterior cingulate-striato-thalamic loop that is 
involved in motivation-related behaviour. By contrast, 
subjects with AN have predominant activation of 
frontoparietal networks that is indicative of effortful 
and supervisory cognitive control during task 
performance.

89. Daw, N. D., Kakade, S. & Dayan, P. Opponent 
interactions between serotonin and dopamine. Neural 
Networks 15, 603–616 (2002).

90. Cools, R., Roberts, A. & Robbins, T. Serotoninergic 
regulation of emotional and behavioural control 
processes. Trends Cogn. Sci. 12, 31–40 (2008).

91. De Deurwaerdere, P., Navailles, S., Berg, K., Clarke, W. 
& Spampinato, U. Constitutive activity of the 
serotonin2C receptor inhibits in vivo dopamine release 
in the rat striatum and nucleus accumbens. J. 
Neurosci. 24, 3235–3241 (2004).

92. Di Matteo, V., Di Giovanni, G., Di Mascio, M. & 
Esposito, E. Biochemical and electrophysiological 
evidence that RO 60–0175 inhibits mesolimbic 
dopaminergic function through serotonin2C receptors. 
Brain Res. 865, 85–90 (2000).

93. Schweighofer, N., Tanaka, S. & Doya, K. Serotonin and 
the evaluation of future rewards: theory, experiments, 
and possible neural mechanisms. Ann. NY Acad. Sci. 
1104, 289–300 (2007).

94. McClure, S., Laibson, D., Loewenstein, G. & Cohen, J. 
Separate neural systems value immediate and delayed 
monetary rewards. Science 306, 503–507 (2004).
A study in which the authors propose that two 
competing systems, that is, the prefrontal cortex 
and the subcortical striatum, underlie the 
computation of the immediate and delayed value.

95. Westergaard, G. et al. Physiological correlates of 
aggression and impulsivity in free-ranging female 
primates. Neuropsychopharmacology 28,  
1045–1055 (2003).

96. Attia, E., Schroeder, L. Pharmacologic treatment of 
anorexia nervosa: where do we go from here? Int. J. 
Eat. Disord. 37, S60–S63 (2005).

97. Tollefson, G. D. Selective serotonin reuptake inhibitors.  
in Textbook of Psychopharmacology. (Schatzberg, 
A. F. & Nemeroff, C. B.) 161–182 (American 
Psychiatric Press, Inc. Washington DC,1995).

98. Blier P, de Montigny, C. Serotonin and drug-induced 
therapeutic responses in major depression, obsessive-
compulsive and panic disorders. 
Neuropsychopharmacology 21, S91–S98 (1999).

99. Bissada, H., Tasca, G. A., Barber, A. M. & Bradwejn, J. 
Olanzapine in the treatment of low body weight and 
obsessive thinking in women with anorexia nervosa: a 
randomized, double-blind, placebo-controlled trial. 
Am. J. Psych. 165,1281–1288 (2008).

100. Elman, I., Borsook, D. & Lukas, S. E. Food intake and 
reward mechanisms in patients with schizophrenia: 
implications for metabolic disturbances and treatment 
with second-generation antipsychotic agents. 
Neuropsychopharmacology 31, 2091–2120 (2006).

R E V I E W S

NATuRe RevIeWs | NeuroscieNce  volume 10 | AuGusT 2009 | 583

© 2009 Macmillan Publishers Limited. All rights reserved



101. Kelley, A. E. Ventral striatal control of appetite 
motivation: role in ingestive behavior and reward-related 
learning. Neurosci. Biobehav. Rev. 27, 765–776 (2004).

102. Saper, C. B., Chou, T. C., Elmquist, J. K. The need to 
feed: homeostatic and hedonic control of eating. 
Neuron 36:199–211 (2002).

103. Fernstrom, M. H., Weltzin, T. E., Neuberger, S., 
Srinivasagam, N. & Kaye, W. H. Twenty-four-hour food 
intake in patients with anorexia nervosa and in healthy 
control subjects. Biol. Psychiatry 36, 696–702 (1994).

104. Drewnowski, A., Pierce, B. & Halmi, K. A. Fat aversion 
in eating disorders. Appetite 10, 119–131 (1988).

105. Garfinkel, P., Moldofsky, H. & Garner, D. M. The 
stability of perceptual disturbances in anorexia 
nervosa. Psychol. Med. 9, 703–708 (1979).

106. Santel, S., Baving, L., Krauel, K., Münte, T. & Rotte, M. 
Hunger and satiety in anorexia nervosa: fMRI during 
cognitive processing of food pictures. Brain Res. 1114, 
138–148 (2006).

107. Small, D. Central gustatory processing in humans. Adv. 
Otorhinolaryngol. 63, 191–220 (2006).

108. Chandraskekar, J., Hoon, M., Ryba, N. & Zuker, C. The 
receptors and cells for mammalian taste. Nature 444, 
288–294 (2006).

109. Ogawa, H. Gustatory cortex of primates: anatomy and 
physiology. Neurosci. Res. 20, 1–13 (1994).

110. Scott, T. R., Yaxley, S., Sienkiewicz, Z. & Rolls, E. 
Gustatory responses in the frontal opercular cortex of 
the alert cynomolgus monkey. J. Neurophysiol. 56, 
876–890 (1986).

111. Yaxley, S., Rolls, E. & Sienkiewicz, Z. Gustatory 
responses of single neurons in the insula of the macaque 
monkey. J. Neurophysiol. 63, 689–700 (1990).

112. Faurion, A. et al. Human taste cortical areas studied 
with functional magnetic resonance imaging: evidence 
of functional lateralization related to handedness. 
Neurosci. Lett. 277, 189–192 (1999).

113. Schoenfeld, M. et al. Functional magnetic resonance 
tomography correlates of taste perception in the 
human primary taste cortex. Neuroscience 127, 
347–353 (2004).

114. O’Doherty, J., Kringelbach, M. L., Rolls, E. T., Hornak, 
J. & Andrews, C. Abstract reward and punishment 
representations in the human orbitofrontal cortex. 
Nature Neuroscience 4, 95–102 (2001).

115. Schultz, W., Tremblay, L. & Hollerman, J. R. Reward 
processing in primate orbitofrontal cortex and basal 
ganglia. Cereb. Cortex 10, 272–284 (2000).

116. Small, D. Toward an understanding of the brain 
substrates of reward in humans. Neuron 22, 668–671 
(2002).

117. Small, D. M., Zatorre, R. J., Dagher, A., Evans, A. C. & 
Jones-Gotman, M. Changes in brain activity related to 
eating chocolate: from pleasure to aversion. Brain 
124,1720–1733 (2001).

118. Freedman, L. J., Insel, T. R. & Smith, Y. Subcortical 
projections of area 25 (subgenual cortex) of the macaque 
monkey. J. Comp. Neurol. 421, 172–188 (2000).

119. Ongur, D., An, X. & Price, J. Prefrontal cortical 
projections to the hypothalamus in macaque monkeys. 
J. Comp. Neurol. 401, 480–505 (1998).

120. Carter, C. S., Botvinick, M. M. & Cohen, J. D. The 
contribution of the anterior cingulate cortex to 
executive processes in cognition. Rev. Neurosci. 10, 
49–57 (1999).

121. Critchley, H. D., Mathias, C. J. & Dolan, R. J. Neural 
activity in the human brain relating to uncertainty and 
arousal during anticipation. Neuron 29, 537–545 
(2001).

122. Critchley, H. D. et al. Human cingulate cortex and 
autonomic control: converging neuroimaging and 
clinical evidence. Brain 126, 2139–2152 (2003).

123. Furuyashiki, T., Holland, P. & Gallagher, M.  
Rat orbitofrontal cortex separately encodes response 
and outcome information during performance of goal-
directed behavior. J. Neurosci. 28, 5127–5138 
(2008).

124. Gottfried, J., O’Doherty, J. & Dolan, R. Encoding 
predictive reward value in human amygdala and 
orbitofrontal cortex. Science 301, 1104–1107 (2003).

125. Hare, T. A., O’Doherty, J., Camerer, C. F., Schultz, W. & 
Rangel, A. Dissociating the role of the orbitofrontal 
cortex and the striatum in the computation of goal 
values and prediction errors. J. Neurosci. 28,  
5623–5630 (2008).

126. Roberts, A. Primate orbitofrontal cortex and adaptive 
behaviour. Trends Cogn. Sci. 10, 83–90 (2006).

127. Tataranni, P. A. et al. Neuroanatomical correlates of 
hunger and satiation in humans using positron 
emission tomography. Proc. Natl Acad. Sci. USA 96, 
4569–4574 (1999).

128. Morris, J. S. & Dolan, R. J. Involvement of human 
amygdala and orbitofrontal cortex in hunger-enhanced 
memory for food stimuli. J. Neurosc. 21, 5304–5310 
(2001).

129. Kringelbach, M. L., O’Doherty, J., Rolls, E. & Andrews, C. 
Activation of the human orbitofrontal cortex to a liquid 
food stimulus is correlated with its subjective 
pleasantness. Cereb. Cortex 13, 1064–1071 (2003).

130. Uher, R., Treasure, J., Heining, M., Brammer, M. C. & 
Campbell I. C. Cerebral processing of food-related 
stimuli: effects of fasting and gender. Behav. Brain 
Res. 169, 111–119 (2006).

131. Chikama, M., McFarland, N., Amaral, D. H. & Haber 
S. N. Insular cortical projections to functional regions 
of the striatum correlate with cortical cytoarchitectonic 
organization in the primate. J. Neurosci. 17,  
9686–9705 (1997).

132. Fudge, J., Breitbart, M., Danish, M. & Pannoni, V. Insular 
and gustatory inputs to the caudal ventral striatum in 
primates. J. Comp. Neurol. 490,101–118 (2005).

133. Wagner, A. et al. Altered insula response to a taste 
stimulus in individuals recovered from restricting-type 
anorexia nervosa. Neuropsychopharmacology 33, 
513–523 (2008).

134. Ellison, Z. et al. Functional anatomy of calorie fear in 
anorexia nervosa. Lancet  352,1192 (1998).

135. Gordon, C. M. et al. Neural substrates of anorexia 
nervosa: a behavioral challenge study with positron 
emission tomography. J. Pediatr. 139, 51–57 (2001).

136. Naruo, T. et al. Characteristic regional cerebral blood 
flow patterns in anorexia nervosa patients with binge/
purge behavior. Am. J. Psychiatry 157,1520–1522 
(2000).

137. Nozoe, S. et al. Changes in regional cerebral blood 
flow in patients with anorexia nervosa detected 
through single photon emission tomography imaging. 
Biol. Psychiatry 34, 578–580 (1993).

138. Uher, R. et al. Medial prefrontal cortex activity 
associated with symptom provocation in eating 
disorders. Am. J. Psychiatry. 161,1238–1246 (2004).

139. Devinsky, O., Morrell, M. J. & Vogt, B. A. 
Contributions of anterior cingulate cortex to 
behaviour. Brain 118, 279–306 (1995).

140. Critchley, H., Wiens, S., Rotshtein, P., Ohman, A. & 
Dolan, R. Neural systems supporting interoceptive 
awareness. Nature Neurosci. 7, 189–195 (2004).
One of the first neuroimaging studies to demonstrate 
a direct association between interoceptive awareness 
and perceived emotions. In a paradigm that asked 
subjects to detect their heartbeat as accurately as 
possible, activation of an ‘interoceptive’ circuit 
involving the anterior insula/frontal operculum (AI/FO) 
was identified. AI/FO activation predicted accuracy in 
heartbeat detection, which in turn correlated with 
indices of negative emotional experience.

141. Paulus, M. & Stein, M. B. An insular view of anxiety. 
Biol. Psychiatry 60, 383–387 (2006).

142. Craig, A. How do you feel — now? The anterior insula 
and human awareness. Nature Rev. Neurosci. 10, 
59–70 (2008).

143. Craig, A. D. How do you feel? Interoception: the sense 
of the physiological condition of the body. Nature Rev. 
Neurosci. 3, 655–666 (2002).
This paper reviews the afferent neural system in 
non-human and human primates that represents all 
aspects of the physiological condition of the physical 
body. This system constitutes a representation of ‘the 
material me’, and thus might provide a foundation for 
subjective feelings, emotion and self-awareness.

144. Craig, A. Human feelings: why are some more aware 
than others? Trends Cogn. Sci. 8, 239–241 (2004).

145. Damasio, A. et al. Subcortical and cortical brain 
activity during the feeling of self-generated emotions. 
Nature Neurosci. 3, 1049–1056 (2000).

146. Bruch, H. Perceptual and conceptual disturbances in 
anorexia nervosa. Psychosom. Med. 24, 187–194 
(1962).

147. Fassino, S., Piero, A., Gramaglia, C. & Abbate-Daga, 
G. Clinical, psychopathological and personality 
correlates of interoceptive awareness in anorexia 
nervosa, bulimia nervosa and obesity. 
Psychopathology 37, 168–174 (2004).

148. Garner, D. M., Olmstead, M. P. & Polivy, J. 
Development and validation of a multidimensional 
eating disorder inventory for anorexia and bulimia 
nervosa. Int. J. Eat. Disord. 2, 15–34 (1983).

149. Pollatos, O. et al. Reduced perception of bodily signals 
in anorexia nervosa. Eat. Behav. 9, 381–388 (2008).

150. Preuschoff, K., Quartz, S. & Bossaerts, P. Human 
insula activation reflects risk prediction errors as well 
as risk. J. Neurosci. 28, 2745–2752 (2008).

This study uses an elegant design to disambiguate 
the role of the insular cortex in risk-related 
processing. In particular, the authors suggest that 
the insula is important for both generating 
prediction errors and risk (variance) related 
processing.

151. Carter, C. S. et al. Parsing executive processes: 
strategic vs. evaluative functions of the anterior 
cingulate cortex. Proc. Natl Acad. Sci. USA 97,  
1944–1948 (2000).

152. Ongur, D. & Price, J. L. Organization of networks within 
the orbital and medial prefrontal cortex of rats, monkeys, 
and humans. Cereb. Cortex 10, 206–219 (2000).

153. Rolls, E. T. The orbitofrontal cortex. Philos. Trans. R. 
Soc. Lond. B Biol. Sci. 351, 1433–1443 (1996).

154. Kerns, J. et al. Anterior cingulate conflict monitoring 
and adjustments in control. Science 303, 1023–1026 
(2004).

155. Redish, A. Addiction as a computational process gone 
awry. Science 306, 1944–1947 (2004).

156. Volkow, N. D., Wise, R. A. How can drug addiction help 
us understand obesity? Nature Neurosci. 8, 555–560 
(2005).

157. Chambers, R., Taylor, J. & Potenza, M. Developmental 
neurocircuitry of motivation in adolescence: a critical 
period of addiction vulnerability. Am. J. Psych. 160, 
1041–1052 (2003).

158. Connan, F., Campbell, I., Katzman, M., Lightman, S. & 
Treasure, J. A neurodevelopmental model for anorexia 
nervosa. Physiol. Behav. 79, 13–24 (2003).
This excellent synthesis integrates genetic, biological, 
cognitive and psychosocial factors, and interpersonal 
stress, to generate a neurodevelopmental 
hypothesis for the aetiology of AN.

159. Kirby, K., Petry, N. & Bickel, W. Heroin addicts have 
higher discount rates for delayed rewards than 
non-drug-using controls. J. Exp. Psychol. Gen. 128, 
78–87 (1999).

160. Kaye, W., Wisniewski, L. Vulnerability to substance 
abuse in eating disorders. NIDA Res. Monogr. 159, 
269–311 (1996).

161. Huttenlocher, P. & Dabholkar, A. Regional differences 
in synaptogenesis in human cerebral cortex. J. Comp. 
Neurol. 387, 167–178 (1997).

162. Jacobi, C., Hayward C, de Zwaan, M., Kraemer, H. & 
Agras, W. Coming to terms with risk factors for eating 
disorders: application of risk terminology and suggestions 
for a general taxonomy. Psych. Bull. 130, 19–65 (2004).

163. Klump, K., Burt, S., McGue, M. & Iacono, W. Changes 
in genetic and environmental influences on disordered 
eating across adolescence. A longitudinal twin study. 
Arch. Gen. Psychiatry 64, 1409–1415 (2007).
The authors of this study present data from the first 
longitudinal twin studies in eating disorders. 
Findings highlight the transition from early to mid 
adolescence as a crucial time for the emergence of a 
genetic diathesis for disordered eating. The increase 
in genetic effects during this developmental stage 
corroborates previous research implicating puberty 
in the genetic aetiology of eating disorders.

164. Rubinow, D. R., Schmidt, P. J. & Roca, C. A. Estrogen-
serotonin interactions: implications for affective 
regulation. Biol. Psychiatry 44, 839–850.

165. Torpy, D. J., Papanicolaou, D. A. & Chrousos, G. P. 
Sexual dismorphism of the human stress response 
may be due to estradiol-mediated stimulation of 
hypothalamic corticotropin-releasing hormone 
synthesis. J. Clin. Endocrinol. Metab. 82, 982 (1997).

166. Kaye, W. H. et al. Reduced cerebrospinal fluid levels of 
immunoreactive pro- opiomelanocortin related 
peptides (including beta-endorphin) in anorexia 
nervosa. Life Sci. 41, 2147–2155 (1987).

Acknowledgements
Much of the research incorporated into this Review was sup-
ported for W.H.K. by the National Institute of Mental Health 
(NIMH) (046001, 042984, 066122 and 001894) and the 
Price Foundation, for J.L.F. by the NIMH (063291) and for 
M.P. by the National Institute on Drug Abuse (016663, 
018307 and 020687) and the Center of Excellence in Stress 
and Mental Health.

DATABASES
Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=gene
5‑HT

1A
 | 5‑HT

2A
 | DRD2 | DRD3  

FURTHER INFORMATION
Walter H. Kaye’s homepage: http://eatingdisorders.ucsd.edu/

All liNks Are AcTive iN The oNliNe pdf

R E V I E W S

584 | AuGusT 2009 | volume 10  www.nature.com/reviews/neuro

© 2009 Macmillan Publishers Limited. All rights reserved

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=3350&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=3356&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=1813&ordinalpos=9&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=1814&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://eatingdisorders.ucsd.edu/

	State and trait
	Abstract | Individuals with anorexia nervosa have a relentless preoccupation with dieting and weight loss that results in severe emaciation and sometimes death. It is controversial whether such symptoms are secondary to psychosocial influences, are a consequence of obsessions and anxiety or reflect a primary disturbance of brain appetitive circuits. New brain imaging technology provides insights into ventral and dorsal neural circuit dysfunction — perhaps related to altered serotonin and dopamine metabolism — that contributes to the puzzling symptoms found in people with eating disorders. For example, altered insula activity could explain interoceptive dysfunction, and altered striatal activity might shed light on altered reward modulation in people with anorexia nervosa.
	Box 1 | DSM-IV, diagnostic criteria for anorexia nervosa1
	Figure 1 | The time course and phenomenology of anorexia nervosa. Childhood personality and temperament traits, which contribute to a vulnerability for developing anorexia nervosa (AN), become intensified during adolescence as a consequence of the effects of multiple factors, such as puberty and gonadal steroids, development, stress and culture. Individuals with AN find that dieting reduces, and eating enhances dysphoric mood. But with chronic dieting and weight loss, there are neurobiological changes which increase denial, rigidity and obsessions, as well as depression and anxiety, so that individuals often enter a downward spiral. Although 50% or more of individuals with AN recover by their early to mid‑20s, a significant proportion of subjects develop a chronic illness or die.
	Neurobiology and behaviour
	Figure 2 | The role of serotonin neural function in anorexia nervosa. It is well known that people with anorexia nervosa (AN) enter a vicious cycle, whereby malnutrition and weight loss drive the desire for further restricted eating and emaciation. Evidence suggests that, compared with healthy individuals (a), individuals who are vulnerable to developing an eating disorder might have a trait for increased extracellular serotonin (5‑HT) concentrations68 and an imbalance in postsynaptic 5‑HT1A and 5‑HT2A receptor activity37–40,49–51 (b), which together might contribute to increased satiety and an anxious, harm-avoidant temperament. Gonadal steroid changes during menarche or stress related to adolescent individuation issues might further alter activity of the 5‑HT system and so exacerbate this temperament, resulting in a chronic dysphoric state. It is important to note that food–mood relationships in AN are very different from those in healthy controls. That is, palatable foods in healthy subjects are associated with pleasure, and starvation is aversive. By contrast, palatable foods seem to be anxiogenic in AN, and starvation reduces dysphoric mood. In subjects with AN, starvation and weight loss result in reduced levels of 5‑HIAA in the cerebrospinal fluid (CSF)74 (and inferentially reduced extracellular 5‑HT concentrations) but exaggerated 5‑HT1A receptor binding in limbic and cognitive cortical regions39. Starvation-induced reductions of extracelluar 5‑HT levels might result in reduced stimulation of postsynaptic 5‑HT1A and 5‑HT2A receptors, and thus decreased dysphoric symptoms. However, when individuals with AN are forced to eat, the resulting increase in extracellular 5‑HT levels, and thus stimulation of postsynaptic 5‑HT1A and 5‑HT2A receptors, increases dysphoric mood, which makes eating and weight gain aversive. Alternatively, if subjects with AN continue to starve, anorexigenic signals related to neuropeptide disturbances (for example, increased corticotropin-releasing hormone (CRH)21 and reduced β-endorphin166) might drive further food restriction and changes in behaviour and cognition, which thus promotes AN symptoms. Scatterplots reproduced, with permission, from REF. 39  (2007) American Medical Association and REF. 40  (2005) Elsevier.
	Neurocircuitry of appetite
	Figure 3 | Cortical-striatal pathways with a focus on taste. Chemoreceptors on the tongue detect a sweet taste. The signal is then transmitted through brainstem and thalamic taste centres to the primary gustatory cortex, which lies adjacent to and is densely interconnected with the anterior insula. The anterior insula is an integral part of a ‘ventral (limbic) neurocircuit’ through its connections with the amygdala, the anterior cingulate cortex (ACC) and the orbitofrontal cortex (OFC). Afferents from the cortical structures involved in the ventral neurocircuit (anterior insula and interconnected limbic cortices) are directed to the ventral striatum, whereas cortical structures involved in cognitive strategies (forming a dorsal neurocircuit) send inputs to the dorsolateral striatum. Therefore, the sensory aspects of taste are primarily an insula phenomenon, whereas higher cortical areas modulate pleasure, motivation and cognitive aspects of taste. These aspects are then integrated, resulting in an ‘eat’ or ‘do not eat’ decision. Coding the awareness of pleasant sensation from the taste experience via the anterior insula might be altered in subjects with anorexia nervosa, tipping the balance of striatal processes away from normal, automatic reward responses mediated by the ventral striatum and towards a more ‘strategic’ approach mediated by the dorsal striatum. The figure links each cortical structure with  arrows, indicating that all cortical structures project to striatum in a topographic manner. DLPFC, dorsolateral prefrontal cortex; NTS, nucleus tractus solitarii.
	Figure 4 | Impaired balance between interoceptive and reward processing. We propose that subjects with anorexia nervosa (AN) experience a strong conflict between the biological need for food and the acquired aversive association with food. In healthy individuals, the presentation of food-related stimuli is associated with ascending interoceptive afferents that converge on the anterior insula, which processes state-related positive or negative valuation of these signals. In individuals with AN this interoceptive information is biased towards the negative or aversive properties of food. As a consequence, top-down, cortical circuits (dotted box) are engaged to resolve the conflict between the need for food and the aversive interoceptive evaluation, processed in the anterior insula. Thus, top-down modulatory circuits are over-engaged in people with AN, which emerges on a symptomatic level as high anticipatory reactivity, behavioural rigidity and excessive worry about future events. On a biological level, these dysfunctions are implemented in a neural system consisting of the ascending interoceptive pathways, the insular cortex, the amygdala and the anterior cingulate cortex (not shown). This information converges in the striatum, which receives inputs from the anterior insula (for the integrated bottom-up information) and the prefrontal cortex (for the top-down modulation relating to cognitive control circuits). The excessive top-down cognitive control in subjects with AN in response to interoceptive stimuli alters the striatal responses, shifting the behavioural event horizon towards satisfying long-term goals (avoiding food, getting thin) rather than short-term goals (eating food).
	Conclusions and future directions
	Box 2 | From vulnerability to illness — the complex aetiology of anorexia nervosa



