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Abstract

Both twin and family studies have revealed the involvement of genetic factors in disorders that affect the regulation of body weight, such
as obesity and anorexia nervosa. However, pinpointing the genes that contribute to these human disorders has not yet been very successful. In
contrast, genetic studies in animals have been basic for the identification of many genes involved in the regulation of various physiological
processes of energy metabolism. We thus plan to review here ways in which findings from animal studies and what is known about
behavioural diversity in the human population with eating disorders can be combined. This would probably optimise phenotype-based

candidate gene analysis in humans.
© 2003 Elsevier B.V. All rights reserved.
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1. Gene hunting in a diverse human eating disorder
population

The human population with eating disorders is highly
diverse with many phenotypic differences both between and
within eating disorders. Anorexia nervosa, for example, is a
dramatic neuro-psychiatric disorder characterised by severe
and selective restriction of food intake. This eating disorder,
with a high prevalence among young adolescent females
(15-19 years), results in extreme body weight loss and has
a mortality rate of up to 15%. Anorexia nervosa is also
characterised by other symptoms which, however, are not
seen in the entire anorexia population. Behavioural hyper-
activity, for instance, should be considered as an important
characteristic of this disease (Bergh and Sodersten, 1996;
Brewerton et al., 1995; Davis et al., 1997, 1999; Hebebrand
et al., 2003), since it will accelerate body weight loss and
has been observed in a large fraction of the anorexia nervosa
patient population. Furthermore, most anorexia patients
exhibit types of anxiety disorders that can vary greatly
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between patients (e.g., a general anxiety disorder, social
phobia, or panic disorder (Brewerton et al., 1995; Bulik et
al., 1997; Godart et al., 2002; Toner et al., 1988). In
addition, lifetime compulsion and obsession phenotypes
occur in a large sample, but not in all, of the anorexia
nervosa population (Halmi et al., 2003). Thus, the expres-
sion of an eating disorder, such as anorexia nervosa, is not
uniform and consists of many different phenotypes that are
variable within the patient population.

In the last decade, rodent studies have helped with the
identification of genes or genetic loci in the control of body
weight (for review, see Brockmann and Bevova, 2002). The
discovery of leptin (Zhang et al., 1994; Halaas et al., 1995)
was a highly significant contribution in this respect and
triggered the search for downstream leptin signalling com-
ponents relevant to body weight control. Rodents that lack
leptin production or that have no leptin receptors develop
obesity with diabetes-like symptoms, such as hypersecretion
of insulin. Leptin is a hormone released from adipose tissue
and is a critical factor that signals starvation to the brain
(Ahima et al., 1996). During starvation, reduced leptin
receptor signalling in distinct brain regions will initiate
appropriate physiological responses to fasting. These
responses are carried out by activation of a highly integrated
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Table 1

Association studies for anorexia nervosa

Gene Allele Reference
Agouti-related protein ~ Ala67 Thr Vink et al., 2001

Catechol
O-methyltransferase

6-Opioid receptor
Estrogen ES; receptor
Estrogen ES, receptor

HsKCa3 channel

Norepinephrine
transporter gene

5-HT,p receptor

5-HT,p receptor

the high activity

allele of the Vall58Met
(Val high activity)

loci markers

G1082A polymorphism
1421 T/C (silent)

CAG repeat
polymorphism
promotor region

G861C polymorphism
loci markers

Frisch et al., 2001

Bergen et al., 2003
Eastwood et al., 2002
Rosenkranz et al.,
1998a
Koronyo-Hamaoui

et al., 2002

Urwin et al., 2002

Levitan et al., 2001
Bergen et al., 2003

SHT,a receptor 1438G/A polymorphism  Collier et al., 1997

Serotonin 44 bp Del/Ins (promoter) Sundaramurthy et al.,
transporter gene 2000

Ucoupling microsatellite markers Campbell et al., 1999
protein 2, 3

Overview of genes (alleles) that have been associated with anorexia. Note
that many associated genes (alleles) have not been confirmed yet or are also
reported as not associated with the disorder (see Table 2).

network of signalling pathways, such as a hypothalamic
circuitry of orexigenic and anorexigenic neuropeptide sys-
tems (reviewed by Hillebrand et al., 2002). As found in
rodents, congenital leptin deficiency in humans is associated
with an early onset of severe obesity (Montague et al., 1997).
Many of the systems identified to contribute to energy
metabolism regulation have been tested individually for
their involvement in human eating disorders by means of
case control association studies. For example, candidate
genes have been tested in anorexia nervosa patients versus
a control population. Thus far, these approaches have not
decisively identified susceptibility genes (alleles) for this
disorder (Tables 1 and 2; Hinney et al., 2000). For example,
in some studies, anorexia nervosa has been associated with
gene polymorphisms in the estrogen receptor, 5-HT,a
receptor, or the serotonin transporter gene, but other asso-
ciation studies did not confirm these findings (see Tables 1
and 2). The questions thus remain as to whether the wrong
genes were being tested, or whether human candidate gene
analysis can be refined so as to yield useful results.

2. Refinement of phenotypes

The identification of gene function in complex behav-
ioural disorders, such as eating disorders, requires refine-
ment of behavioural phenotypes within the complex
disorder. How far this refinement must go is still open,
however, a recent study gives some clues (Branson et al.,
2003). In this study, several behavioural phenotypes related
to energy homeostasis, such as eating patterns, body fat,
resting energy expenditure and serum leptin levels, were
monitored in an obese population (n=469). Binge eating

was found to be a major phenotypic characteristic of
subjects with a mutation in the melanocortin MC, receptor,
a receptor considered important in food intake control (Fan
etal., 1997; Huszar et al., 1997). In rodents, genetic deletion
or pharmacological blockade of this melanocortin receptor
results in hyperphagia and increased body weight. Thus,
based on measurable phenotypic differences, subpopula-
tions can be defined within the diverse disorder patient
population. Applying a candidate gene approach to these
classified phenotypic characteristics within a patient popu-
lation may lead to optimisation of such a genetic approach.
Animal studies may be a good starting point for the
identification of gene function in refined behavioural phe-
notypes relevant to eating disorders.

3. An animal model for anorexia

Approaches other than studying food intake and body
weight in genetically modified rodents such as leptin-defi-
cient mice can help to identify genes. Induction of specific
animal behaviour by environmental manipulation can con-
tribute to the identification not only of genes, but of specific

Table 2

Association studies for anorexia nervosa

Gene Allele Reference

33-Adrenoceptor Trp-64-Arg Hinney et al., 1997b

Dopamine D; Bal I polymorphism Bruins-Slot et al., 1998
receptor in exon 1

Dopamine Dy 13-bp deletion; Hinney et al., 1999¢
receptor 48-bp repeat

Estrogen ES, 1730 A/G (silent) Rosenkranz et al., 1998a
receptor

Estrogen ES, Several alleles Eastwood et al., 2002
receptor

Leptin — 1387 G/A (promoter) Hinney et al., 1998b

Melanocortin MCy Val-103-Ile and Hinney et al., 1999b
receptor Ile-251-Thr

Neuropeptide Y Y;  Pst I-polymorphism Rosenkranz et al., 1998b
receptor within the first intron

Neuropeptide Y Ys 1333 G/A (silent) Rosenkranz et al., 1998b
receptor

Pro-opiomelanocortin Insertion of 9 bp
between codon

Hinney et al., 1998a

73 and 74
5-HTpg, receptor Phe-124-Cys Hinney et al., 1999a
5-HT, receptor — 1438 G/A Campbell et al., 1998;
polymorphism Gorwood et al., 2002
5-HT,c receptor Cys-23-Ser Burnet et al., 1999
5-HT; receptor Pro-279-Leu Hinney et al., 1999a

Serotonin transporter 44 bp Del/Ins
gene (promoter)

Hinney et al., 1997a;
Urwin et al., 2003

Tryptophan 1095 T/C (silent) Han et al., 1999
hydroxylase
Tumor necrose — 1031 T/C, Ando et al., 2001
factor-a —863 C/A and
— 857 C/T
polymorphisms in the
promoter

Overview of genes (alleles) that have not been associated with anorexia.
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gene function in complex behaviours. For example, an
inducible animal model for anorexia nervosa has been
developed (Routtenberg and Kuznesof, 1967) and used for
pharmacological intervention studies. This animal model,
also referred to as activity-based anorexia or semi-starvation
induced hyperactivity, is induced when food-restricted
rodents are allowed access to running wheels. Rodents on
a daily scheduled food restriction paradigm and without
access to a running wheel will initially lose body weight, but
can maintain their reduced body weight over an extended
period. However, when these food-restricted animals also
have voluntary access to running wheels, they will rapidly
lose body weight, since they then will express behavioural
hyperactivity on their running wheels. Although the func-
tion of this paradoxical behavioural hyperactivity is current-
ly unknown, the animals develop symptoms reminiscent of
those observed in anorexia nervosa patients. For instance,
these animals will reduce their food intake over time, exhibit
behavioural hyperactivity and extreme body weight loss,
and will have much reduced body temperature and plasma
leptin levels (Exner et al., 2000; Hebebrand et al., 1995,
2003; Kas et al., 2003; Routtenberg and Kuznesof, 1967).

15

A recent study with this animal model of anorexia
showed that chronic infusion of leptin suppresses the
development of behavioural hyperactivity that rodents dis-
play upon semi-starvation (Exner et al., 2000). This sug-
gests that the induction of behavioural hyperactivity is
partly driven by the reduction of plasma leptin levels during
starvation. Since high levels of leptin normally will also
further suppress food intake, a better understanding is
needed of how increased leptin signalling may be beneficial
during self-starvation.

In a comparable way, it was found that Agouti-related
protein prevented self-starvation in these anorectic animals
by maintaining body temperature (Kas et al., 2003). Agouti-
related protein (AgRP) is a neuropeptide expressed in
arcuate nucleus neurons of the hypothalamus, a major
downstream target region in the brain for peripheral leptin
(Elias et al., 1999; Arvaniti et al., 2001). Agouti-related
protein is an inverse agonist of the melanocortin MCy
receptor (Adan and Kas, 2003) and prevents self-starvation
mainly by compensation of body temperature loss in these
animals with scheduled food restriction. A polymorphism in
the AgRP gene was shown to be associated with anorexia
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Fig. 1. Individual differences in the levels of locomotor activity expression in different anorexia nervosa patients with a comparable body mass index. The
panels show the 24-h distributions of locomotor activity in a patient with low (Patient A) and in a patient with high (Patient B) levels of locomotor activity (x-
axis: time of day; y-axis: activity level). Locomotor activity was monitored by means of an acti-watch (acti-watch AW4, Cambridge Neurotechnology,

Cambridgeshire, United Kingdom).
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nervosa (Vink et al., 2001). Although this association study
in humans has not yet been confirmed for another popula-
tion with anorexia, the findings in the animal model make it
interesting to study body temperature changes in anorexia
patients with the AgRP gene polymorphism. Alternatively,
this polymorphism has been associated with a low body
mass (Fan et al., 2002) that may relate to ‘the drive for
thinness’, a potential risk factor for anorexia and bulimia
nervosa (Fairburn and Harrison, 2003).

Extending the activity-based anorexia model from rats to
mice will allow the genetic contribution to the development
of activity-based anorexia to be studied. Although animal
studies are promising for refinement of phenotypes in a
standardised way, they will eventually help in the genetic
dissection of eating disorders when phenotype refinement
will be applied more extensively to the human population
with eating disorders (Branson et al., 2003). In the case of
anorexia nervosa, for example, hyperactive and non-hyper-
active anorectics can be identified as subpopulations within
the diverse anorexia patient population. Further measure-
ment of behavioural characteristics should allow further
refinement of the phenotypes. For instance, the use of
continuous acti-watch recordings allows the distribution of
behavioural hyperactivity throughout the 24-h day to be
monitored and analysed. These continuous behavioural
activity measurements make it easy to observe differences
in behavioural activity levels and distribution (Fig. 1),
which will lead to better classification of the patient popu-
lation. Subdivision of the anorexia nervosa patient popula-

hyperactivity

— genes for
hyperactivity

genes for
anxiety

genes for
compulsivity

tion based on relevant behavioural parameters will probably
optimise candidate gene analysis.

4. State or trait phenomena

The aetiology of eating disorders is likely to be multi-
factorial with both environmental and genetic factors con-
tributing to development of the disease. To determine the
genetic contribution to certain phenotypes of the eating
disorder, one should consider the difference between state
and trait phenomena. State phenomena are a consequence of
the disease. For example, severe food restriction in anorexia
patients will lead to reduced thermogenesis (Bergh and
Sodersten, 1996). However, certain characteristics of the
anorexia patient are present before, during and after mani-
festation of the disorder. These latter characteristics are
referred to as a trait and may reflect a heritable genetic
variation leading to the phenotype and they may contribute
to the development of the disease. Although information
about the patient before or after onset of the disorder is often
not available, it may be worthwhile obtaining this informa-
tion. This will allow states and traits to be distinguished and
facilitate identification of genes underlying these potential
disease-specific traits (Fig. 2). Thus far, pre-morbid factors
for anorexia nervosa, such as behavioural hyperactivity and
anxiety (Brewerton et al., 1995; Bulik et al., 1997; Davis et
al., 1997, 1999; Fairburn and Harrison, 2003; Godart et al.,
2002; Toner et al., 1988), have been identified.

environmental
factors

= Anorexia nervosa

=P Dissociation and
refinement of traits

=P Genetic determinants for traits

Fig. 2. Anorexia nervosa is a multi-factorial disease that likely results from complex gene—environment interactions. Identification of genes for this complex
disorder requires dissociation of refined behavioural traits within this complex disorder (e.g., hyperactivity or traits/states that are yet unknown (illustrated by
circles without text). Animal studies will highly facilitate the process of gene function determination as well as refinement of behavioural traits. Once genes
and/or genetic pathways that determine the expression of a trait have been identified, association studies of candidate genes (e.g., genes for hyperactivity) in
classified subpopulations with prominent expression of a trait (e.g., hyperactivity) can be performed.
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5. Forward genetics

Besides applying reverse genetic strategies (going from
genotype to phenotype), one could consider a forward
genetic approach. This approach needs to be based on a
stable heritable phenotype that can easily be assessed in
several families with the disease. Combining the expres-
sion of this phenotype and the subsequent genetic map-
ping of segregating chromosomal regions will eventually
lead to candidate genes for this particular phenotype. This
forward genetic approach has been applied for various
disorders, including anorexia nervosa (Bergen et al., 2003;
Grice et al., 2002). Thus far, linkage studies of anorexia
nervosa have revealed chromosomal regions that contain a
wide variety of potential candidate genes (Table 3).
Reduction of the amount of candidate genes in these
relatively large chromosomal regions requires the testing
of additional relevant families. Further, the biological
function of candidate genes in these regions can be tested
individually in animals with genetic defects in one of
these genes.

6. Genes and genetic pathways

Identification of a gene for a refined behavioural
phenotype will not always guarantee the identification of
the candidate gene for a well-characterised subpopulation
of patients. For example, genes can be expressed in
defined cell groups of certain tissues and be part of an
integrated network of regulatory mechanisms. Therefore,
mutations in upstream and/or downstream signalling mol-
ecules of a particular candidate gene will likely cause
phenotypes similar to those expected in individuals with
mutations in the candidate gene. The orexin/hypocretin
gene, for instance, is expressed in a very defined cell
population of the hypothalamus and has been implicated in
the regulation of feeding behaviour and arousal state (De
Lecea et al., 1998; Sakurai et al., 1998). Terminals of these

Table 3

Chromosomal regions and candidate genes in that region from a linkage
study in restrictive anorexia nervosa patients by Grice et al. (2002) and
Bergen et al. (2003)

Chromosome Marker Candidate genes in that region
1p34.2 D1S3721 Glutamate GLU; receptor
Orexin/hypocretin receptor,
Leptin receptor
6-Opioid receptor
5-HT,p receptor
4ql13.2 D4S2367 Oestrogen sulfotransferase
2q32.1 D2S1391 Inositol polyphosphate-1-phosphatase
4pl15.3 D4S403 a ¢ Adrenoceptor
8p23 D8S264 Lipoprotein lipase
16p11.2 D16S748 p8 Protein

(regulation of glucagon transcription)

hypocretin/orexin producing neurons are spread throughout
the brain (Peyron et al., 1998) and activate orexin/hypo-
cretin receptors. A forward genetic study in dogs showed a
hypocretin receptor and canine narcolepsy to be linked
(Lin et al., 1999). A subsequent study in human narco-
leptic patients, however, did not reveal an association
between the hypocretin receptor gene and narcolepsy.
Interestingly, post-mortem analysis revealed a lack of
hypocretin/orexin production in hypothalamic neurons of
narcoleptic patients when compared to those of controls
(Peyron et al., 2000). This is a good example to show that
searching for an association between a candidate gene
(e.g., hypocretin receptor) and a certain phenotype (e.g.,
narcolepsy) may not be successful, since disruption of the
expression of other genes (hypocretin/orexin) in the ge-
netic pathway of the candidate gene may be responsible
for the phenotype.

7. One gene with multiple functions

As indicated previously, the development of eating
disorders is likely to be multi-factorial and results from
complex gene—environment interactions. Regarding the
genetic contribution to a complex disorder, multiple ge-
netic defects may be needed to express multiple symptoms
of a particular disorder. However, a single gene mutation
may disrupt a wide variety of physiological processes that
require appropriate regulation by a single protein encoded
from this gene. For example, dopamine-deficient mice
exhibit many problems that are mainly related to behav-
ioural locomotion, including deficits in feeding and in
exploration behaviour (Szczypka et al., 1999, 2001). A
recent study showed that restoring local dopamine produc-
tion in dopamine-deficient mice reinstated different behav-
ioural components, depending on the brain region where
dopamine was produced (Szczypka et al., 2001). Local
dopamine production in dopamine-deficient mice was
established by local injection of adeno-associated-viruses
that achieved local expression of tyrosine hydroxylase, an
essential enzyme for biosynthesis of dopamine, as well as
guanosine-triphosphate (GTP) cyclohydrolase I, a co-factor
required for tyrosine hydroxylase activity. Using this
vector-directed gene expression technology, it was shown
that restoration of dopamine production in the caudate
putamen restored feeding and nest-building behaviour,
whereas restoration of dopamine production in the nucleus
accumbens re-established exploratory behaviour. Thus,
disrupted signalling by a single transmitter (e.g., dopa-
mine) leads to a combination of different defects in
locomotor-related behaviours each of which depends on
the brain region where the transmitter, dopamine, is
produced. These findings indicate that multiple brain-
region specific actions of a single neurotransmitter can
be sufficient to explain multiple phenotypes within a
complex disorder.
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8. Animal studies in the genetics of eating disorders

We have now proposed several ways in which animal
studies can contribute to the genetic dissection of complex
behaviours in general and of eating disorders in particular.
Refinement of behavioural phenotypes that mimic aspects
of an eating disorder presents challenging opportunities for
animal studies in this field. Once behavioural tests have
been developed that allow dissociation of behavioural
phenotypes within the complex behaviour, both forward
and reverse genetic strategies can be applied to these
phenotypes. One should keep in mind that behavioural
phenotypes are regulated by integrated physiological pro-
cesses and that the gene of interest interacts with down- and
upstream signalling molecules that, upon genetic disruption,
may induce similar phenotypes. Animal studies allow these
genetic pathways to be identified following double mutant
analysis. In addition, brain-region specificity of different
gene functions can be addressed using transgenic ap-
proaches, such as vector-directed gene expression. Identifi-
cation of genetic pathways that explain phenotypic
differences within the diverse human eating disorder pop-
ulation will open opportunities for the understanding of the
patho-physiology and for patient-specific treatment of these
complex disorders. Solid interaction between clinical and
basic neuroscientist will be needed, however, to address
simultaneously the refinement of behavioural phenotypes in
their patients and in animal populations.
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