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Zusammenfassung

Die Anorexia nervosa gehort zu den prognostisch ungiinstigsten Erkrankungen aus dem Fach-
bereich der Psychiatrie. Dies ist auch durch beschrankte Méglichkeiten in der medikamentdsen
Therapie dieser Erkrankung bedingt. Um so wichtiger ist es, die pathophysiologischen Grundla-
gen von Anorexia nervosa weiter zu erforschen sowie geeignete Tiermodelle zu entwickeln, um
so auf mogliche medikamentdse Angriffspunkte zu stolen und die Auswirkungen potentieller
Therapeutika praklinisch zu erfassen.

Diese Arbeit gibt dementsprechend im ersten Teil einen Uberblick iiber ausgewshlte Pep-
tide und Hormone, die im Rahmen der Nahrungsaufnahme eine Rolle spielen, und ihre Bedeu-
tung bei Anorexia nervosa. Behandelt werden: Das Neuropeptid Y, das Agouti-related Peptid,
das Melanocortin-System, der Corticotropin-releasing Faktor, das Peptid YY, die Hormone
Leptin und Ghrelin, Stickstoffmonoxid und das Endocannabinoid-System. Entsprechend ihrer
Auswirkung auf die Nahrungsaufnahme lassen sich diese Hormone/Peptide prinzipiell als orexi-
gen, d.h. die Nahrungsaufnahme férdernd, oder anorexigen klassifizieren. Allerdings erweist sich
diese Einteilung nicht grundsatzlich als sinnvoll, wie am Beispiel des Neuropeptid Y genauer
erlautert werden soll. Ferner werden zu Beginn der Arbeit verschiedene Tiermodelle vorgestellt,
die fiir die praklinische Anorexia nervosa-Forschung zur Verfiigung stehen. Besonderes Augen-
merk wird dabei auf das Aktivitdts-Stress Modell nach Routtenberg und Kuznesof gerichtet,
welches bei den Versuchstieren u.a. eine Hyperaktivitdt beinhaltet, wie sie auch bei Anorexia
nervosa Patientlnnen haufig zu beobachten ist.

Im zweiten Teil dieser Arbeit wird der Effekt des spezifischen Y2-Antagonisten JNJ-31020028
auf Nahrungsaufnahme, Fliissigkeitsaufnahme sowie Aktivitdt von Mausen genauer untersucht.
Zu diesem Zweck wurde diese Substanz weiblichen Tieren in drei Versuchsansétzen intraperi-
toneal injiziert. Im ersten und zweiten Ansatz, die sich lediglich in der Dosierung des injizierten
Antagonisten unterscheiden (10 mg/kg, bzw. 20 mg/kg), erhielten die Tiere Nahrung ad li-
bitum, wahrend im dritten Ansatz (10 mg/kg) die Nahrungszufuhr auf drei Stunden pro Tag
beschrankt wurde, um so eine Hyperaktivitdt der Mause zu induzieren. Die Versuchstiere rekru-
tierten sich dabei aus dem Stamm DBA/2, der im Fall von Nahrungsrestriktion ein hyperaktives
Verhalten aufweist. Gemessen wurden das Gewicht der Tiere an festgelegten Punkten der Ver-
suchsreihen und mit Hilfe des LabMaster-Systems Nahrungs- und Fliissigkeitsaufnahme sowie
Aktivitat wahrend des gesamten Versuchszeitraumes. Dabei zeigte sich im ersten Versuch-
sansatz (10 mg/kg) ein positiver Effekt auf die Nahrungsaufnahme der Tiere, der im zweiten
Ansatz mit verdoppelter Dosis der Substanz (20 mg/kg) jedoch nicht bestétigt werden konnte.
Eine deutliche Auswirkung auf das Aktivitdtsniveau konnte in keinem Ansatz gezeigt werden.
Eine mogliche Bedeutung von Neuropeptid Y/Y2-Rezeptoren fiir die Anorexie bleibt somit

offen.



Abstract

Anroexia nervosa is one of the most severe diseases in psychiatry. A lack of pharmaco-
therapeutical possibilities is one reason for this fact. Therefore it is of great concern to gain
further information about the pathophysiological background of anorexia nervosa and to find
appropriate animal models, with the aim to determine new pharmacological possibilities and to
test their effects in a preclinical environment.

In the first part of this paper, a review of several peptides and hormones in the regulation of
ingestion and their impact in anorexia nervosa is given. Discussed are neuropeptide Y, agouti-
related peptide, melanocortin system, corticotropin-releasing factor, peptide YY, the hormones
leptin and ghrelin, nitric oxide and the endocannabinoid system. Regarding food intake, these
hormones/peptides can be classified as orexigenic, meaning food intake stimulating, or anorex-
igenic. However, this classification is not generally suitable, as is shown here for the case of
neuropeptide Y. At the beginning of the first part, several animal models which might be ap-
propriate for preclinical anorexia nervosa research are presented. Attention is focused especially
on the activity-stress model by Routtenberg and Kuznesof. This model imitates among other
things a hyperactive behaviour which is often observed in anorexia nervosa patients.

The second part of this paper reports on the effects of the Y2 receptor antagonist JNJ-
31020028 in mice regarding food and water intake as well as activity. This substance was
injected intraperitoneally to female mice in three experimental approaches. The first and second
approach only differed in substance dose (10 mg/kg, resp. 20 mg/kg) and the mice received
food ad libitum, while in the third approach (10 mg/kg) the access to food was restricted to
three hours a day. Mice of the strain DBA/2 were used because this strain was reported to
become hyperactive in case of diet-restriction. The weight of the mice was measured at defined
points in each trial, while the LabMaster system was used to measure feeding, drinking and
activity over the whole time. An effect of JNJ-31020028 to increase food intake was shown in
the first approach (10 mg/kg), an effect that was not present in the second approach with a
twofold dose of the substance (20 mg/kg). A significant effect of JNJ-31020028 on the activity
level of the experimental animals was not seen. Thus, any role of neuropeptide Y acting via

Y2 receptors in anorexia nervosa remains questionable.
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1 Introduction

Anorexia nervosa (AN) is one of the most dangerous psychiatric disorders. Only 25% of the
patients achieve long-time recovery of this frustrating sickness, with a death rate of nearly
1% per therapy-year (Herold, 2008 : p. 656 f.). Mortality from all causes in AN patients
is six-fold higher than in the general population (Rask-Andersen et al., 2010). Therapeutic
options are still limited: By evidence-based criteria only cognitive behavioural therapy seems
to have some therapeutic value. Furthermore the pathogenesis of AN is not completely clear,
but the following points seem to be of interest: In sociocultural matters the dominance of
a slimness and juvenileness oriented ideal of beauty seems to play the main role. Otherwise
overestimation of this fact is probably unrealistic: Even in former times and also in culture areas
with other ideals of beauty AN was/is existent. For the first time described more precisely by
W.W. Gull in 1868 and E.C. Laségue in 1873 (Vandereycken et al., 1989), there are even
earlier descriptions. To take a single example, Mary Stuart (1542-1587), queen of Scots,
seems to have suffered from AN (McSherry, 1985) in a time when the ideal of beauty was
definitely not slimness, as we see in portraits of Rubens or Vermeer. Moreover, affected
people do not stop to loose weight, even if their body proportion has reached a level that
brings social disadvantage. This might indicate that AN is a sort of addiction. Furthermore
certain personality traits (perfectionism, compulsivity) and developmental-psychological factors
(experience of loss, abuse) may promote the development of AN. Also genetic analyses indicate
a multilayer pathogenesis of AN, showing familial accumulation and a concordance-rate of 66%
within monozygotic gemini. The frequency of AN in women in western civilization is at 3.5%,
and 90% of AN patients are female (Rothenh&usler et al., 2007 : p. 406 ff.).

There are two types of AN, which refer to eating-related behaviour. Patients who suffer
from restricting-type AN lose weight mainly by disciplined dieting, while binge-eating anorexics
sometimes engage in bingeing and/or purging, as seen in bulimia nervosa. The DSM-IV criteria
for AN diagnosis are: Weight loss to under 85% of individually expected body weight, distinct
fear to gain weight, disturbance of self-perception and amenorrhoea in postmenopausal women
(Kaye et al., 2009).

In many cases of neuroendocrinological changes in AN patients, it is hard to say, if they
are cause or consequence of AN. In the following, the main endocrinological axes in terms of
their changes in AN are briefly mentioned. The hypothalamic-pituitary-gonadal axis displays
an hypogonadotropic hypogonadism, whose manifestation (i.e. amenorrhoea) correlates with
available fat mass. In the growth hormone (GH) - insulin-like growth factor 1 (IGF-1) axis, IGF-1
levels are low, while GH levels are high. The hypothalamic-pituitary-adrenal (HPA) axis dis-

plays high cerebrospinal fluid levels of corticotropin-releasing factor (CRF), normal adrenocor-



ticotropic hormone (ACTH) levels and high cortisol levels (similar to stress induced response).
Regarding the hypothalamic-pituitary-thyroid axis, thyrotropin-releasing hormone (TRH) levels
are slightly decreased as well as thyroid-stimulating hormone (TSH) levels. Triiodothyronine
(T3) levels are low and free thyroxine (T4) levels are normal or low (Misra et al., 2010; Casper,
2006).

Several brain areas are involved in feeding. The hindbrain contains motor neurons responsi-
ble for actions like chewing and swallowing. Viscerosensory information, such as blood glucose,
gastrointestinal distension and hepatic function, is processed in the hindbrain (Watts et al.,
2007). The telencephalon (cerebral cortex, striatum and pallidum) integrates cognitive com-
ponents of feeding, for example foraging. The hypothalamus takes centre stage in the process
of spontaneous feeding. In this area of the brain, many hormones and neuropeptides interact.
Humerosensory information, such as insulin and leptin levels, is processed here (Watts et al.,
2007). Section 3.1 gives more insight into this area.

Because of currently limited therapeutic options, it is absolutely necessary to elucidate the
pathogenesis of AN. Correspondingly, the first ambition of this paper is to review the neuroen-
docrinological background of AN. Therefore, the general relevance of several neuropeptides
and hormones for food intake and their AN-specific changes are presented, their hypothalamic
interaction being of special interest. Regarding food intake, it makes sense to classify these
hormones and neuropeptides either as orexigenic - food intake stimulating - or anorexigenic.
However, with some of these messengers, their effect seems to be situation-dependent. It has
to be suggested, that feeding is the consequence of preponderance of orexigenic signalling,
while anorexigenic signalling prevails in case of anorexia.

In the second part of this paper, an experiment is presented, which was realized within the
framework of this final year project. Therein the effect of an injection of the Y2 receptor antag-
onist JNJ-31020028 on weight, food intake, activity and drinking of DBA/2-mice was tested.
Additionally, the substance was tested in mice under diet-restriction (activity-stress model),
especially for its effect on the activity-level. As background for further explanations several
animal models, that are more or less appropriate for the examination of AN, are presented in

the following section.



Part |

Animal models and (neuro-)peptides

2 Animal models for anorexia nervosa

In general, animal models are used for research on human diseases, particularly if a disease-like
condition cannot be induced in humans for ethical reasons. Especially in case of psychiatric
diseases, such as AN, the animals in use should display a behaviour resembling that found in the
patients (face validity). Of course, right at this point animal models for AN are very limited. A
spontaneous development of AN in wild animals is very unrealistic, because of the very human
aspects of this disease. Causes or exact physiological mechanisms of AN are hardly known,
although some progress in their investigation has been made. So, following the classification
of animal models by Smith (1989), the available animal models for AN are isomorphic. This
means, that the main phenotypic points of AN, weight loss and reduced food intake, can be
generated by various approaches, while the human aspects - like those mentioned above - can
hardly be simulated. Basically, anorexia and/or cachexia in an experimental animal can be
caused by a change in the environment, injection of anorexia-inducing substances, changes on
an organic level, or genetically.

In this context, the terms cachexia and anorexia should be clarified. While cachexia means
an abnormal emaciation with a body-mass-index (BMI) under 18 in humans, anorexia, as
a clinical symptom, describes a decreased sensation of appetite, that can of course lead to
cachexia. Hence, cachexia is objectifiable in humans as well as in animals, whereas anorexia
can hardly be objectified, especially in animals. Because of this, it makes sense to speak of
anorexia in cases, when experimental animals eat less food than available, although they have
not reached their daily requirements. AN, however, is the name of a psychiatric disorder, of
which anorexia is one symptom.

Still, if anorexia is present in an animal model, analysis of neuroendocrinological changes
can shed light on the pathophysiological backgrounds of AN. Furthermore, the administration
of substances that are assumed to play a role in the regulation of food intake, can be tested in
such animals. In this way, animal models for AN may help to find new therapeutic strategies
for AN.



2.1 Anorexia inducing environmental conditions

The best way to simulate AN seems to be the activity-stress model (activity-based anorexia
(ABA)) by Routtenberg and Kuznesof (1967). Rats under diet-restriction (food access 60-120
min/d) and with access to a running wheel show the following behaviour: Increased run-
ning wheel activity (RWA) with primarily compensatory increased food intake. However, food
intake stagnates at some point while running wheel activity increases further and leads to
weight-loss, amenorrhoea and finally to death of starvation (Casper et al., 2008). Female mice
display more RWA than male mice and younger mice more than older mice (van Leeuwen et
al. 1997). The following (neuro-)endocrinological changes were detected in ABA: Increased
plasma corticosterone and ACTH levels (van Leeuwen et al. 1997), elevated serotonin levels
in the hypothalamus (Siegfried et al., 2003), increased neuropeptide Y (NPY) and agouti-
related peptide (AGRP) and decreased pro-opiomelanocortin (POMC) in the hypothalamus,
hyperghrelinaemia and hypoleptinaemia. The development can be counteracted through the
administration of L-tryptophan, serotonin agonists, alpha-2-adrenoceptor agonists, naloxone
(opioid antagonist), cis-flupenthixol (dopamine antagonist) and benzodiazepines. The men-
tioned substances lead to modest improvement, but do not abolish ABA (Pirke et al., 1993;
Lewis et al., 2010). Administration of tyrosine also significantly improves food consumption,
cognitive function and delays the onset of fatigue within experimental animals in this model
(Siegfried et al., 2003; Avraham et al., 2001). Administration of AGRP increases the survival
rate of rats in this model, probably by inhibiting the anorectic melanocortin system (see section
3) (Adan et al., 2003). For the development of ABA, the presence of a running wheel seems
to be inevitable. After a period of re-feeding, RWA of ABA animals returns to normal (Dixon
et al., 2003). Taking everything into consideration, this animal model provides many aspects
of AN: Hypophagia, hyperactivity, increased HPA axis, weight-loss and amenorrhoea.

In contrast to rats, ABA develops only in few mice strains (Rikke et al., 2003), maybe
because of less nutritional reserves. Instead, mice under ABA conditions more often show
episodes of torpor (Lewis et al., 2010). Gelegen et al. (2010) could match ABA to the
chromosomes 4, 12 and 13 of the mouse-strain A/J, while the strain C57BL/6J showed reduced
activity under the same conditions. However, Lewis et al. (2010) used an optimised ABA
paradigm to induce ABA in C57BL/6 mice, too (see section 10).

In nature, the increased activity shown by ABA animals could even be useful in terms of
foraging, when not enough food is available. The behaviour shown by ABA animals could be
present at least in some AN patients, too. So, the described increase of casual activity in many
AN patients could at least partly be caused by this archaic way of behaving. The prevalence
of hyperactivity in AN patients varies between 31% and 80% (Hillebrand et al., 2008).

Additionally, it has to be mentioned that behavioural thermoregulation is one mechanism to



maintain a stable body temperature and might be present in ABA. Decrease of body temper-
ature is at least partly due to hypoleptinaemia during food restriction, because leptin is known
to increase thermogenesis in the brown adipose tissue. Gelegen et al. (2007) could show that
A/J as well as DBA/2J mice increase their locomotor activity and display a decrease of body
temperature under ABA conditions (which is more distinct in DBA/2J mice), while C57BL/6J
mice display a larger decrease of body temperature than A/J mice and no significant change
of locomotor activity. Interestingly, hypoleptinaemia was not nearly as distinctive in A/J as in
DBA/2J and C57BL/6J mice. Still A/J and DBA/2J mice reached nearly the same level of
locomotor activity. Furthermore, although DBA /2J mice increased their locomotor activity, the
decrease of body temperature is nearly as large as in C57BL/6J mice. This might be due to the
fact that Y1 receptors are upregulated only in DBA/2J mice under ABA conditions and NPY
might mediate an antithermogenic effect through Y1 receptors. Different expression patterns
of the melanocortin 3 receptor in the three groups (downregulation in A/J and C57BL/6J but
not in DBA/2J) might be of further relevance. Taking everything into consideration, these
observations indicate that there are different adaptation strategies to food restriction, which
depend on different genetic situations (Gelegen et al., 2007). Hypoleptinaemia might be a
cause of increased locomotor activity (see section 7), depending on the genetic background.

It is important to consider that exercise can show similarities to addiction. Using the
activity-stress model (wheel access and 1h-feeding), it could be shown that rats display signifi-
cantly more symptoms of withdrawal following injections of 1.0 mg/kg naloxone, than 24h-fed
rats with wheel access and inactive rats. This indicates that endogenous opioids take part in
the behaviour precipitated by the activity-stress model. (Kanarek et al., 2009) This means,
that locomotor activity is satisfying and addictive. In AN patients this is very unwanted and a
therapeutic hurdle.

Of note, rats that underwent the activity-stress model in adolescence, show as adults
increased anxiety-like behaviour on an elevated plus maze and in an open field (Kinzig et al.,
2010).

For detailed information on the relevance of NPY, the melanocortin system, leptin and

ghrelin in this animal model, see the corresponding sections.

Certain pure stress models, for example the swim test or tail pinching, are less appropriate,
because of their very artificial approach. The main point of criticism might be that in these
models the applied stress is acute. This is probably not the case in human AN patients, who
are most probably suffering from chronic stress.

Most suitable in context group seems to be the separation model (van Leeuwen et al. 1997),

which combines separation stress and diet restriction and is very easy to perform. Mice were



housed in single cages of plexiglass while seeing and smelling each other. For a certain period
of time (ideal 1h per day), mice of each group were fed altogether in one cage. In comparison
to mice housed in groups of ten in one cage (C-1H), to mice under diet restriction (60% of
their daily requirements, 60%-group) and slightly even to mice under activity-stress-conditions
(ASC) (all with 1h-feeding per day), separated mice lost more weight over a period of 18 days.
Interestingly, while the C1-H group and the ASC group reached 80% of their daily requirement,
the separated mice reached an intake of only 65% of their daily requirement and lost even more
weight than the 60%-group. The fact that the groups C1-H and ASC displayed nearly the same
intake, stands in contrast to the aforementioned activity-stress model by Routtenberg and Kuz-
nesof (van Leeuwen et al. 1997). An impaired cognitive function in the T maze (restorable
through tyrosine) can also be found in experimental animals in the separation-model, as well

as elevated serotonin and catecholamine levels in the hypothalamus (Siegfried et al., 2003).

Animal models with pure diet-restriction are always subject to the criticism that the state is
not chosen by the experimental animal and so by definition is not anorexia, but a state forced by
the scientist, being a contradiction to AN. To examine neuroendocrine changes, these models
still can be useful. Using diet-restriction, a positive impact of weight-loss on the opioid system
could be detected (Siegfried et al., 2003). This might be one reason for the development and
maintenance of AN in humans. Moreover, Siegfried et al. (2003) could show an improved
maze performance (improved cognitve function) in mice under a 60% diet restriction and an
impaired maze performance under a 40% restriction, that can be brought to the level of the
60% group by tyrosine administration.

When fed hypertonic (2.5%) saline instead of normal drinking water (and no food restric-
tion), rats develop anorexia, starting in the second night of saline administration. This so called
dehydration-associated (-induced) anorexia (DIA) is reversed within minutes after rehydration
(Watts, 1999). As expected, NPY mRNA is increased in the arcuate nucleus of rats with DIA,
while POMC mRNA is decreased. Circulating glucocorticoid levels are elevated, leptin and in-
sulin levels instead, are reduced. CRF mRNA expression in the paraventricular nucleus (PVN)
is decreased, while CRF and neurotensin mRNAs in the lateral hypothalamic area (LHA) are
increased. As CRF mRNA (and neurotensin) expression in the LHA strongly correlates with
the intensity of DIA and anticipates the onset of anorexia, it was suggested that LHA CRF ef-
ferents mediate this kind of anorexia, possibly at the PVN (see section 5) (Watts et al., 1999).
Injections of high doses of NPY (1pg) into the LHA (but not the PVN) can reverse DIA. As the
ability of 1pg NPY to reverse anorexia correlates negatively with the intensity of DIA, it was
suggested that the sensitivity of downstream elements to NPY neurons is reduced during DIA

(Watts et al., 2007). Expression of the anorexigenic TRH in the PVN is upregulated in animals



with DIA compared to animals under food restriction (FR). Since factors affecting PVN TRH
synthesis, such as leptin or NPY, are not different in DIA and FR animals, it was suggested
that orexin expressing neurons from the LHA to the PVN, changed leptin receptor properties
on TRH neurons or changed Y1 receptor activity (NPY reduces TRH mRNA expression) might
be responsible for elevated TRH expression (Garcia-Luna et al., 2010). Additionally, DIA is
significantly attenuated in oxytocin knockout mice (Rinaman et al., 2005).

A newer approach to anorexia is to administer a diet that lacks essential components, for
example essential amino acids. It could be shown that mice fed a valine-deficient diet display
significant reductions of food intake and body weight, starting on the first day of administration
of this diet. Both parameters can be restored by valine supplementation in a dose dependent
manner. This approach takes advantage of the fact, that animals have developed the ability to
recognize and reject a deficient diet, possibly through a chemosensor in the anterior piriform
cortex of the brain. Further, hypothalamic somatostatin mRNA expression is increased in
experimental animals and an intraventricular administration of somatostatin leads to reduced
food intake, too (Goto et al., 2010; Nakahara et al., 2011).

2.2 Anorexia inducing substances

Injection of lipopolysaccharide (LPS) or inflammatory cytokines such as tumor necrosis factor
(TNF) alpha or interleukin (IL) 1-beta leads to a decrease of food intake. This model induces
fever, anorexia and reduced activity (Konsman et al., 2002). A single peripheral injection leads
to a decrease of food intake by 40% to 50% over a time period of 12 hours. After 24 hours
the baseline value of intake is reached again. Repeated injections result in a tolerance to
the stimulus. Therefore, it can be criticised that a very acute state is induced, what makes
this model less useful for the investigation of therapeutics for chronic diseases (DeBoer, 2009).
Some substances can attenuate the effect of these inflammatory substances: AGRP can prevent
anorexia caused by intraventricular administration of IL-1beta (DeBoer et al., 2009). For the
role of CRF in this model, see section 5, for the relevance of nitric oxide see section 9.
Administration of O,0,S-trimethyl-phosphorothioate induces anorexia in mice. Elevated
CREF levels in this case might be responsible for the phenotype (Huang et al., 2007).
Induction of anorexia by other neuropeptides and hormones is discussed in the corresponding

sections.

2.3 Modifications of organ function

Several organic modulations can lead to cachexia. Subcutaneous implantation of tumour

cells, preferably cells of non-metastasing tumours like the “Lewis Lung Carcinoma”, colorectal



tumours or syngenic sarcomas, lead to cancer cachexia and anorexia, probably through the
release of inflammatory cytokines or prostaglandines and subsequently CRF (see section 5).
Other principles of animal models based on organic modulation would be myocardial infarction,
aortic banding or a 5/6-nephrectomy. All these models are probably more suitable for the study

of organic disease induced cachexia (DeBoer, 2009).

2.4 Genetics

The only spontaneous genetic mutation in animals that leads to anorexia is the autosomal
recessive anx mutation in mice. The anx gene has not yet been completely identified, but
it seems to be localized on chromosome 2. Affected animals (anx/anx) are characterized by
reduced appetite, low body weight, hyperactivity during the late preweanling period, head
weaving, body tremor and uncoordinated gait (Maltais et al., 1984). This phenotype becomes
manifest at 5 to 8 days after birth, while the afflicted animals die at an age of 3 to 5 weeks
(Siegfried et al., 2003). In anx/anx mice, compared to normal litter mates, serum leptin levels
were significantly lower, probably due to the depletion of body fat (Johansen et al., 2000).
By using immunochemistry, an accumulation of NPY and AGRP in the cell bodies of the
arcuate nucleus and a decrease in the terminals could be shown. This indicates that a defect
in NPY/AGRP-signalling could contribute to the anx/anx phenotype (Broberger et al., 1997,
Broberger et al., 1998). Moreover, decreased levels of the anorexigenic pro-opiomelanocortin
(POMC), the Y1-receptor and the Y5-receptor have been detected, as well as an increase in
serotonergic fibers in the forebrain and arcuate nucleus of anx/anx mice (Siegfried et al., 2003).
Based on the genetic expression profile Mercader et al. concluded that anx/anx mice simulate
cancer caused cachexia/anorexia (Mercader et al., 2008).

Further models of anorexia are based on the possibilities of gene knockout, which means
that a specific gene of an organism is made inoperable. NPY, PYY, leptin, ghrelin, CRF,
the melanocortin system, NO and endocannabinoid deletion is are treated in detail in the
corresponding sections following this section.

Dopamine deficiency, caused by knockout of the gene coding for tyrosine hydroxylase, leads
to a hypophagic and hypoactive phenotype. Experimental animals die within three to four
weeks after birth. Both decreased food intake and locomotor activity, can be elevated through
administration of L-dopa (Szczypka et al., 1999).

Knockout of the gene for the M3 muscarinic receptor (M3R) leads to a significant decrease
in food intake, reduced weight and low levels of insulin and leptin. While hypothalamic POMC
mRNA expression is reduced in M3R -/- mice, hypothalamic mRNA levels of the orexigenic
AGRP are increased. Paradoxically, the orexigenic melanin concentrating hormone (MCH) is
reduced, too. Administration of AGRP does not increase food intake in M3R -/- mice, MCH
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does. So both decreased MCH levels as well as reduced responsiveness to AGRP might be
causes for the development of the phenotype of M3R -/- mice (Yamada et al., 2001; Siegfried
et al., 2003).

Deletion of the MCH gene likewise leads to reduced body weight and hypophagia, while
POMC and leptin levels are low in MCH -/- mice, as expected. This underlines the importance
of MCH for the regulation of feeding (Shimada et al., 1998).



3 Neuropeptide Y and agouti-related peptide

3.1 Physiology of neuropeptide Y and agouti-related peptide

NPY is a neurotransmitter consisting of 36 amino acids and can be found in many brain regions,
in the spinal cord and in the sympathetic nervous system. NPY plays a part in the regulation of
energy balance, in the immune system, in memory and learning, in the regulation of mood and
stress as well as fear and addiction, and in the regulation of heart activity. There even might
be an involvement of NPY in sweet and umami taste sensation. NPY builds a family with
the peptide YY (70% homology) and the pancreatic polypeptide (50% homology) (Brothers
et al., 2010). Of special interest in this work is the relevance of NPY to food intake, which
is increased by NPY. So, NPY is a potent orexigen, and food deprivation is a very important
cause for elevated NPY levels (Chee et al., 2008; Kask et al., 2002; Heilig, 2004; Painsipp et
al., 2008; Redrobe et al. 2004). Furthermore, NPY seems to be anxiolytic (Thorsell, 2010).

NPY binds to the Gj/,-coupled receptors Y1, Y2, Y4, Y5 and Y6 (Kask et al., 2002). Acti-
vation of these receptors by NPY results in decreased cyclic adenosine monophosphate (cAMP)
production in the cell by inhibition of adenylate cyclase (Brothers et al., 2010). Regarding food
intake, the receptors Y1, Y2, Y4 and Y5 seem to be relevant. While Y1 receptors are located
only postsynaptically, Y2 receptors (Y2-R) are located post- and presynaptically (Chee et al.,
2008). Y1, Y2 and Y5 receptors are expressed densely in the arcuate nucleus (ARC). NPY is
expressed in neurons which project within the arcuate nucleus and from the arcuate nucleus
to several other brain areas and nuclei, for example to the PVN, the LHA, the perifornical
area (PFA), the ventromedial nucleus (VMN) and the dorsomedial nucleus (DMN). Further
on, NPY is expressed in neurons of the dorsomedial nucleus (DMN). In case of excitation of
NPY expressing neurons, NPY and - in case of co-localisation in the ARC - AGRP are set free
(Chee et al., 2008).

So, the functionality of the AGRP is very closely linked to NPY, wherefore this section dis-
cusses both. Further to mention is the gamma-aminobutyric acid (GABA), the main inhibitory
neurotransmitter in the CNS, which is produced by most of the neurons that express NPY and
AGRP. So, some of the orexigenic effect of NPY and AGRP is in fact mediated by GABA (Wu
et al., 2010).

As the hypothalamus and its nuclei discussed in the following are still not understood in
every detail and research goes on, the probability exists that some of the facts presented will
prove wrong, especially because many studies generate contradictory results.

An overview of selective ligands for the different Y receptors is given by Brothers et al.
(2010).
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3.1.1 The arcuate nucleus

In the ARC, NPY neurons densely innervate POMC neurons (figure 1). By binding to Y1 and
Y2 receptors expressed on these neurons, NPY hyperpolarizes their membrane and prevents
activity. In this way, orexigenic effects of NPY are already mediated, because POMC and its
tissue specific cleavage products (especially alpha-melanocyte-stimulating hormone (-MSH))
are known to have anorexigenic effects (Chee et al., 2008). The anorexigenic effect of alpha-
MSH is mediated by binding to melanocortin 4 receptors (MC4-R) and melanocortin 3 receptors
(MC3-R), which are probably directly inhibited by AGRP (Wu et al., 2010). AGRP inhibits the
action of alpha-MSH not only in the ARC, but in several other areas of the hypothalamus, for
example in the dorsomedial nucleus. In this area, NPY neurons can be inhibited by alpha-MSH
through MC4-R binding (Chee et al., 2008). In this sense, AGRP has to be called an orexigenic
peptide, too. Interestingly, AGRP ablation (by diphteria toxin) can be compensated for if the
neurons are ablated in newborn mice or ablated slowly in adult mice. If the ablation is done
rapidly, severe anorexia develops, which cannot be attenuated by blockade of the melanocortin
system. The importance of GABAergic signalling for food intake and in AGRP signalling can
be shown in this case, because the reduction of food intake induced by rapid AGRP ablation
can be restored by bretazenil, a GABA, receptor partial agonist. An increase in food intake
could be shown for other GABA, binding benzodiazepines, too (Wu et al., 2010). For further
explanation see figure 1.

The detailed function of MC3-R is still under question, while the function of MC4-R in
regulating food intake is better understood. The MC3-R is expressed on both NPY and POMC
expressing neurons. In the first case, inhibition of NPY neurons through POMC neurons can
be mediated. In the second case, MC3-R acts as an autoreceptor. MC3-R knockout mice,
however, show an increase in adiposity, but no hyperphagia or increased body weight (Renquist
et al., 2011). Administration of AGRP to MC3-R as well as MC4-R knockout mice increases
food intake (lrani et al., 2010). This means that synergistic as well as independent actions
of AGRP on melanocortin receptors mediate its orexigenic effect. MC4-R antagonists increase
food intake, contrary to MC4-R agonists (Wu et al., 2010). For further explanation of the
melanocortin system, see section 4.

Activity of NPY neurons in the arcuate nucleus and thus release of NPY can be inhibited
by several other hormones and neurotransmitters by binding to various receptors on NPY cells.
In terms of a negative feedback, NPY itself binds to the Y2-R (just as 3-36-PYY, see section
5). Thus, by antagonism of this receptor, an increase of NPY levels in the hypothalamus and
thereby an increase of food intake should be achievable (Brothers et al., 2010).

Nesfatin-1 is expressed in several nuclei of the hypothalamus. In vitro, an inhibitory effect

on NPY neurons of the ARC could be detected. However, the receptor that mediates effects of
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nesfatin-1 is still not identified. Anyhow, nesfatin-1 reduces food intake in a leptin independent
way (Stengel et al., 2010).

Insulin, as a signal of satiety, inhibits neuronal firing of NPY neurons in the ARC by binding
to its own receptor (InsR) and inhibits NPY mRNA expression, while it activates POMC
neurons (Schwartz et al., 1992; Chee et al., 2008). By these mechanisms, insulin mediates its
anorexigenic effect.

By binding to the Ob-Rb receptor, leptin, an indicator of available energy stores, inhibits
the activity of NPY neurons of the ARC (Chee et al., 2008). Moreover, leptin increases the
frequency of action potentials of POMC expressing neurons in the ARC (Cowley et al., 2001).
Both facts explain the anorexigenic effect of leptin.

Ghrelin, which is produced in the stomach, is possibly essential for meal initiation, as
ghrelin levels rise immediately before a meal and decrease after a meal. By binding to the
growth hormone secretagogue receptor-la (GHSR) on NPY/AGRP neurons (activating) and
on POMC neurons (inhibiting), ghrelin mediates its orexigenic effect (Cowley et al., 2003).

Additionally, it has to be mentioned that POMC neurons in the ARC express serotonin
receptors (5-HTy¢) and are activated by serotonin and serotonergic compounds. By binding
to these receptors, D-fenfluramine, which was in former times used as an anti-obesity drug,
mediates its anorexigenic effect (Xu et al., 2010).

Furthermore, POMC neurons of the ARC probably express receptors for interleukin 1 (IL-
1-R). When IL-1-beta is injected into the lateral ventricles, an increased c-Fos activation of
POMC neurons of the ARC can be detected. Consequently, food intake decreases in this

experiment, which mimics inflammation-associated cachexia (DeBoer, 2010).

3.1.2 Further hypothalamic nuclei

Within the DMN NPY expressing neurons also exist. On the one hand, these neurons are
inhibited by POMC/alpha-MSH projections from the ARC, with alpha-MSH binding to MC4
receptors. On the other hand, cholecystokinin (CCK) inhibits these neurons by binding to
CCK1 receptors and CCK2 receptors (Chee et al., 2008).

In the VMN (or ventromedial hypothalamus), Y1 receptors are strongly expressed. Lesions
of the VMN as well as NPY injection into the VMN lead to increased food intake. So, the
VMN seems to have an anorexigenic impact. NPY projections from the ARC innervate this
region and NPY mediates an inhibitory (and thus orexigenic) effect by binding to postynaptic
Y1 receptors (Chee et al., 2008). Leptin receptors are expressed as well on cells of the the
VMN. Thus, leptin might mediate its anorexigenic effect partly by activating VMN neurons.
In case of satiety, when ARC NPY neurons are inactive and leptin levels are high, activity of
glutamatergic VMN efferent neurons to anorexigenic ARC POMC cells is increased (Chee et
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al., 2010).

Injection of NPY as well as injection of an Y1 antagonist into the perifornical area (PFA)
not only increases food intake, but also hoarding and foraging in Siberian hamsters (Dailey et
al., 2009). This means, that at least Y1 receptors should be present in this area, too.

The LHA contains neurons expressing orexins. Orexins (orexin-A and orexin-B) stimulate
food intake, but to a lesser extent than NPY (Edwards et al., 1999). After a period of
fasting, the expression of orexin as well as the expression of orexin receptors are increased and
orexin neurons of the LHA are activated. These neurons innervate and activate NPY/AGRP
neurons of the ARC, which express orexin receptors (OX-A receptor and OX-B receptor). The
NPY neurons, by contrast, inhibit the orexin neurons of the LHA, namely by NPY binding
to Y4 receptors expressed on orexin neurons. Taking everything into consideration, orexins
induce NPY activity and hence induce food intake after a period of fasting, while a short-loop
regulation by inhibitory NPY neurons exists (Chee et al., 2008).

The PVN receives both NPY and POMC projections. PVN NPY injections increase food
intake and food hoarding, but decrease foraging (Dailey et al., 2009, Stanley et al. 1984).
However, NPY acts not directly on parvocellular PVN neurons, but increases their activity by
inhibiting inhibitory GABAergic interneurons by binding to the presynaptic receptors Y1, Y2
and Y5. Alpha-MSH, in contrast, increases the GABA signal by binding to the presynaptic
MC4-receptor (Chee et al., 2008). Newer research shows that there is a stimulating postsy-
naptic effect of alpha-MSH on MC4-R expressing neurons of the PVN, too. Secondly, a direct
inhibition of MC4-R expressing PVN neurons through leptin was assumed, which stands in
contrast to the assumption, that leptin acts mainly by increasing POMC/alpha-MSH activity
and inhibiting NPY/AGRP activity in the ARC (Ghamari-Langroudi et al., 2011). Besides
magnocellular PVN neurons, there are two different kinds of parvocellular PVN neurons in
this area, neurosecretory (NS) and preautonomic (PA) neurons. These neurons secrete TRH,
oxytocin and CRF. In newborn animals, both cell types are sensitive to NPY and little sensitive
to melanocortins. With aging, sensitivity of PA neurons to NPY decreases and sensitivity of
NS neurons to melanocortins increases. This may be interpreted in a way that satiety is inde-
pendent of melanocortin in early childhood (Chee et al., 2008). A stimulating effect of central
administration of alpha-MSH on TRH and CRF expression was shown. TRH and CRF are
known to be anorexigens (Kamisoyama et al., 2009). Finally, Nesfatin-1 stimulates oxytocin
(anorexigen) release in the PVN (Maejima et al., 2009). For further explanation see figure 1.

The lack of melanocortin action in early childhood might be one reason for the interesting
fact that NPY gene knockout does not lead to hypophagia or a lean phenotype. In contrast,
when NPY/AGRP neurons are ablated rapidly in adult animals, starvation takes place. Instead,
POMC ablation and POMC gene knockout lead to hyperphagia (Gropp et al., 2005; Chee et
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al., 2008). In addition, it could be shown that ablation of NPY/AGRP neurons in newborn
mice leads to only a slight reduction in body weight, which might indicate correspondingly that
the melanocortin system is not fully developed in newborns. The fact that such mice show
nearly normal feeding behaviour and growth as adults, too, indicates that the development of

an alternative network regarding food intake takes place (Luquet et al., 2005).

DMN VMN LHA PFA PVN
NPY - Orexin
POMC NPY / AGRP (GABA)

Figure 1: Physiology of NPY: The colour “red” indicates an inhibitory effect on food intake,
while the colour “green” indicates a stimulating effect. The green and red boxes contain the
receptors which are expressed by the corresponding neurons. “Minus” in these boxes indicates
an inhibitory effect of agonists on these receptors, “plus” indicates an excitatory effect. ARC =
arcuate nucleus, DMN = dorsomedial nucleus, VMN = ventromedial nucleus, LHA = lateral
hypothalamic area, PFA = perifornical area, PVN = paraventricular nucleus. For the sake of
clearness, not all connections between the displayed nuclei are shown. For further explanation,
see paragraph 3. Modified after Chee et al., 2008, Fig. 1.

3.1.3 Is neuropeptide Y a pure orexigen?

It has often been suggested that NPY is more important for the actions which stand before
food intake, than for food intake itself. The above mentioned activity-stress model (2.1) may
illustrate this suggestion, because NPY levels are elevated in experimental animals in this model.

Since hyperactivity is also present in many AN patients and goes along with elevated plasma
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and liquor levels of NPY, there might be parallels. Nergardh et al. (2006) could show that
rats under diet-restriction and with access to a running wheel, increase running and decrease
food intake more when treated with NPY, than rats under the same conditions treated with
vehicle. This suggests that at least in special situations NPY has no orexigenic effect and that
AN patients might equally elevate their activity level not voluntarily, but “driven” by elevated
NPY levels (Nergérdh et al., 2006). It has to be mentioned, though, that other groups found
no increased activity after NPY administration to rats in the activity-stress model (Hillebrand
et al., 2008).

Furthermore it could be shown that rats visit an empty bottle more frequently and drink
less from another source after administration of NPY (10pg) and that male animals withdraw
attention from female animals in favour of offered food (Sodersten et al., 2008). These
observations might underline the implication of NPY in foreaging.

According to these discoveries, the classification of NPY as a pure orexigen has to be
reconsidered, especially in case of AN. Furthermore, it is most likely that AGRP is a more

potent and a more direct acting orexigenic peptide compared to NPY.

3.2 Genetic studies of the neuropeptide Y / agouti-related peptide

system

In female NPY knockout mice, a significant decrease in food and water intake during the light
phase and a significant decrease in locomotor and exploratory behaviour during the light and
dark phase can be detected (Edelsbrunner et al., 2009). Leptin deficient ob/ob mice with NPY
knockout show reduced body-weight compared to ob/ob mice (Herzog, 2003).
Administration of Y1 agonists increases body weight without inducing hyperphagia (Henry
et al., 2005), while administration of a Y1 antagonist suppresses food intake and reduces body-
weight in high-fat-diet fed C57BL/6 mice, an action that is enhanced when combined with a
Y5 antagonist (Mashiko et al., 2009). Therefore, it has to be suggested, that Y1 knockout
should reduce body weight. Instead the Y1-/- mice by Kushi et al. showed moderate obesity
without hyperphagia, more white adipose tissue and elevated plasma insulin levels in later life,
particularly in female mice (Kushi et al., 1998). This phenotype was confirmed in later studies,
when additionally no changes in NPY and AGRP expression in the ARC, but decreased POMC
levels were detected (Herzog, 2003). Further on, the Y1 receptor might play an important role
in mediating the inhibition of the gonadotrope axis under poor metabolic conditions, as Y1-
deficient food-restricted mice go through puberty with only a slight delay in sexual maturation,
while wild-type food-restricted controls show a distinct delay (Gonzales et al., 2004). When
leptin deficient ob/ob mice additionally lack Y1 receptors, hyperphagia is less distinct than in
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ob/ob / Y1+ /4 mice (Pralong et al., 2002). Y1, Y1/Y2 and Y1/Y4 knockout mice display
increased body weight gain compared to wild types when fed a chow diet or a high fat diet,
while the triple knockout Y1/Y2/Y4 leads to decreased body weight gain when fed a high fat
diet (Sainsbury et al., 2006).

Since Y2 agonists (for example 3-36-PYY) reduce food intake (Moriya et al., 2009; Brothers
et al., 2010), one would expect that Y2 knockout increases food intake. Instead, the pertinent
studies are contradictory. Using a conditional Y2 knockout mouse model, Sainsbury et al.
could show that hypothalamic Y2 destruction leads to a significant decrease in body weight
and an increase in food intake. In such mice, hypothalamic NPY, AGRP and POMC levels are
increased (Sainsbury et al., 2002). In contrast, inactivation of the Y2 receptor by disrupting
the encoding gene, leads to increased body weight, food intake and fat deposition in mice
(Naveilhan et al., 1999). A significant change of body weight compared to ob/ob mice is not
present in ob/ob / Y2-/- mice, but ob/ob mice with Y2 and Y4 knockout display reduced body
weight (Lee et al., 2008). Y2 and Y4 knockout seems to protect against diet induced obesity,
too. Compared to wild type mice, Y2/Y4 knockout mice seem to have a higher intake, but spill
most of the food and so display reduced body weight (Sainsbury et al., 2006). Additionally,
Y4 receptor knockout mice show increased energy expenditure and increased physical activity,
which is not present in Y2 knockout mice, but is present in Y2/Y4 knockout mice in an even
greater extent, which suggests synergism of Y2 and Y4 receptors in these matters (Zhang et
al., 2010). Edelsbrunner et al. found that diurnal locomotion, exploration, drinking and feeding
are reduced, while nocturnal locomotion is enhanced in Y2 -/- mice, and to the contrary that
Y4 -/- mice show increased activity and decreased drinking and feeding during the photophase,
while feeding is increased and activity decreased during the scotophase (Edelsbrunner et al,
2009).

Knockout of the Y4 receptor alone leads to a slightly reduced body-weight gain and food
intake. However, ob/ob mice with Y4 knockout show no reduced food intake compared to
ob/ob mice (Herzog, 2003).

Y5 knockout mice display hyperphagia and obesity in later life, compared to wild-type mice
(Higuchi et al., 2008).

3.3 Neuropeptide Y and agouti-related peptide in anorexia ner-

vOSsa

Plasma levels of NPY are elevated in AN patients (Beranova et al.,, 2009; Baranowska et
al., 2001; Baranowska et al., 2003). The same applies to liquor concentrations (Kaye et al.,

1990). During therapeutical refeeding over a period of six weeks, plasma NPY levels do not
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significantly change (Beranova et al., 2009). Plasma AGRP levels are increased in AN patients
(Moriya et al., 2006). A polymorphism (G760A) of the gene encoding AGRP was found to be
associated with AN (Rask-Andersen et al., 2010).

3.4 Other implications of the neuropeptide Y system

As mentioned above, NPY plays a role in many physiological functions. Because this paper
focuses on its role in food intake, only some newer insights in its implication in other functions
will be presented in the following.

Y2-Rs are expressed in visceral fat. Stimulation of these receptors by NPY leads to fat
angiogenesis, macrophage infiltration and the proliferation and differentiation of new adipocytes
and thereby obesity (Kuo et al., 2007).

Furthermore, in contrast to solitary chronic stress, which decreases weight in mice, the
combination of chronic stress and a high fat/sugar diet (HFS) leads to abdominal obesity.
Administration of chronic stress to HFS fed mice stimulates NPY release and Y2-R expression
in visceral fat. This suggests that Y2-R antagonists might be of therapeutic value in obesity
and metabolic syndrome (Kuo et al., 2008). Moreover, NPY seems to mediate accelerated
atherosclerosis and restenosis (Abe et al., 2010). So, the NPY system might be substantial in
the development of metabolic syndrome associated with psychiatric disorders and new thera-
peutic approaches might be found when this connection is further elucidated (Rasmusson et
al., 2010).

Several polymorphisms of the Y2-R encoding gene are connected with development and
maintenance of addiction. In a Japanese population, a higher prevalence of the allele rs4425326
was found in smokers than in ex-smokers. Besides, a higher score in the Fagerstrém test! was
reached by test persons who exhibit this allele (Sato et al., 2010).

The NPY system might present therapeutic targets for stress related disorders, as Y1
agonism and Y2 antagonism has anti-stress effects (Heilig, 2004).

Finally, NPY seems to play a role in the attention-deficit/hyperactivity disorder (ADHD)
(Lesch et al., 2010).

!Test for determination of physical addiction of smokers
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4 The melanocortin system

This system consists of alpha-, beta- and gamma-MSH and ACTH, cleavage products of
POMC, which bind to the melanocortin receptors 1 to 5 (MC1-R - MC5-R, G-protein coupled),
while AGRP is an endogenous antagonist at these receptors. Only the MC3 receptor and the
MC4 receptor seem to be essential for food intake and energy homeostasis, whereas their
detailed function is still not elucidated. Most of the insight into the melanocortin system,
especially the MC3 receptor, was acquired by studying knockout models, because of the lack
of synthetic agonists. Basically, POMC mRNA levels are decreased by fasting (Renquist et al.,
2011). Central administration of alpha-MSH and beta-MSH reduces food intake in rats, mice
and chickens (Kamisoyama et al., 2009).

The MC3 receptor is expressed on both POMC and NPY/AGRP neurons. In case of
POMC neurons the MC3 receptor has an auto-inhibitory character. In this sense, peripheral
administration of an MC3-R agonist (D-trp®-gamma-MSH) increases food intake in wild-type,
but not in MC3 receptor knockout mice, and decreases POMC mRNA expression after a while
when administered i.c.v.. This effect follows a U-shape dose-response relationship, as higher
doses reduce food intake, probably through MC4-R activity (Renquist et al., 2011). MC3-R
knockout mice show a very interesting phenotype: No significant overweight, increased food
intake or energy expenditure, but increased adipose mass. Additionally, male MC3-R - /- mice
exhibit reduced locomotor activity on the running wheel (Butler et al., 2000). Furthermore, the
MC3-R -/- mice seem to be protected from the development of metabolic syndrome, maybe
due to defects in the inflammatory response to obesity (Ellacott et al., 2007). The MC3-
R -/- phenotype might at least partly be caused by changes in circadian rhythm (Begriche
et al., 2009). Another cause of this phenotype might be the lack of autoinhibition of the
anorexigenic POMC neurons in the ARC when MC3 receptors are missing (as mentioned above),
although a decline of weight would be expected. Administration of a mixed MC3-R partial
agonist/antagonist (JRH322-18) and a MC4-R agonist reduces food intake in wild-type mice,
as well as in MC4-R -/- mice (Irani et al., 2010).

MC4 receptors are expressed widely in the CNS. MC4 receptor knockout mice show in-
creased food intake and body weight (Ellacott et al., 2007). Mutation of the MC4-R might be
the most common monogenic cause of obesity in humans and a certain polymorphism of the
encoding gene seems to bring some resistance to cancer cachexia (DeBoer, 2010). Adminis-
tration of MC4-R antagonists increases food intake. This could also be shown for the orally
active antagonists SNT207707 and SNT209858, which reduce cancer-induced cachexia in mice
(Weyermann et al., 2009).

Recent studies show, that the thyroid transcription factor-1 (TTF-1) stimulates AGRP and
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inhibits POMC transcription by binding to the promoters of these genes. Thereby, TTF-1
positively affects food intake (Kim et al., 2011).

To the contrary, the neuropeptide W (NPW) increases POMC and decreases AGRP mRNA
expression (no influence on NPY). Moreover, NPW decreases firing activity of NPY/AGRP
neurons, while inhibitory synaptic input to POMC neurons is expectedly decreased, too. Con-
sequently, i.c.v. injection of NPW (40 pg/kg) leads to decreased food intake in rats. Therefore,
NPW has to be called an anorexigenic peptide (Date et al., 2010).

Interestingly and paradoxically, the above mentioned ABA (see paragraph 2.1) goes along
with increased melanocortin receptors in the VMH, while AGRP is increased and POMC de-
creased as expected. Administration of AGRP (via central infusion), an antagonist of the
melanocortin system, attenuates self-starvation, physical hyperactivity, and deregulated body
temperature. Therefore, the survival rate of AGRP treated rats in this model is elevated com-
pared to vehicle treated rats (Kas et al., 2003). The meaning of the melanocortin system in
ABA is further affirmed by the fact that administration of alpha-MSH increases running-wheel
activity in the light phase, decreases food intake and body-weight and increases activation of
the HPA axis in 2h-fed rats (Hillebrand et al., 2005). Heat application (32°C) increases weight
gain and food intake and decreases activity in rats in the activity-stress model (compared to
ABA rats at 21°C), which goes along with reduced MC4 receptor, AgRP and POMC expression
(no changes in controls). This positive effect of heat application in ABA might be due to the
fact that hyperactivity is a way of behavioural thermoregulation (see 2.1) (Gutiérrez et al.,
2009).

Alpha-MSH induces release of the anorexigenic oxytocin from dendrites of magnocellular
neurons in the paraventricular nucleus and the supraoptic nucleus of the hypothalamus (Douglas
et al., 2007).

In rats, an age dependence of melanocortin sensitivity could be shown, with a decreased
response in middle-aged rats and an increased response in old animals (Pétervari et al., 2010).

Taking everything into consideration, the melanocortin system seems to be the most im-
portant anorexigenic system. It might be interesting as a therapeutic working point in AN-

associated hyperactivity.
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5 The corticotropin-releasing factor

CRF is a polypeptide consisting of 41 amino-acids. It is expressed in the hypothalamus, mainly
in the PVN, and heads the HPA axis. CRF regulates the release of ACTH and POMC from the
pituitary. Expression and release of CRF in the hypothalamus is stimulated by many cytokines
such as IL-1, IL-2, IL-6, TNF-alpha and IFN-gamma. Thus, CRF plays a role in tumor cachexia
(Inui, 1999). The actions of CRF, like those of similar peptides (e.g. urocortin), are mediated
by the CRF receptors 1 and 2 (CRF1-R and CRF2-R, both G-protein coupled), which are both
found throughout the central nervous system and periphery. The CRF2-R is highly expressed in
the the VMN and the PVN, while CRF1-R is expressed in the ARC of the hypothalamus. The
action of CRF (and urocortin) in these areas might be mainly responsible for its effects on food
intake: CRF is known to be an anorexigen. Stress induced anorexia is reversed by administration
of a CRF receptor antagonist, while food intake is decreased by manipulations that increase
CRF levels (stress, tumour) and by administration of CRF agonists. CRF also influences diet
selection, sexual activity and anxiety. Urocortin seems to be even more anorexigenic than CRF
(Krahn et al., 1990; Heinrichs et al., 1999).

The anorexigenic effects of CRF seem to be mediated by CRF2-R (late effect) and by CRF1-
R (acute effect) receptor agonism. CRF2-R knockout mice display higher nocturnal food intake
under basal conditions. CRF-induced anorexia can be blocked by administration of the CRF2-
R antagonist antisauvagine-30, but not by the CRF1-R antagonist NBI27914 (Tabarin et al.,
2007). In dehydration-induced anorexia (see section 2.1), injection of antisauvagine-30 into
the PVN increases food intake. Additionally, PVN TRH mRNA and serum TSH levels are
decreased. This strengthens the hypothesis that CRF activates TRHergic neurons of the PVN
through CRF2-R binding (de Gortari et al., 2009).

As mentioned above (see 3.1.2), CRF is a downstream mediator of the anorexigenic effect
of alpha-MSH, as alpha-MSH increases CRF mRNA expression in the PVN, as does beta-MSH
in chicks (Kamisoyama et al., 2009). The acute (0-4 h) anorexigenic effect of alpha-MSH
(NDP-MSH) is not present in CRF knockout mice - in contrast to the late effect (4-12 h) -
and after administration of a CRF receptor antagonist (astressin) (Kawashima et al., 2008).
On the other hand, injection of urocortin 3, a CRF-related peptide with high affinity for the
CRF2-R, reduces food intake and increases POMC mRNA expression in the ARC. Hence, the
melanocortin system might be a downstream target of CRF2-R expressing neurons of the VMN
(Chen et al., 2010). An inhibition of the NPY system by CRF and an attenuation of the
orexigenic NPYergic effect by CRF was shown (Inui, 1999), which might be the consequence of
the stimulating effect of CRF on POMC neurons, that inhibit NPY/AGRP neurons (see figure

1).

20



Because of their positve effect on food intake, CRF receptor antagonists seem to be promis-

ing potential therapeutics in AN.

6 Peptide YY and glucagone like peptide 1

The peptide YY (PYY) is a hormone consisting of 36 amino acids. It belongs to a family with
the pancreatic polypeptide and the neuropeptide Y. Along with the glucagone like peptide 1
(GLP-1) PYY is secreted by enteroendocrine L-cells of the distal small intestine, mainly of the
distal jejunum and the terminal ileum and of the colon and rectum. As shown in figure 2,
PYY circulates in two forms: 1-36-PYY (60%) and 3-36-PYY (40%). The enzyme dipeptidyl
peptidase IV (DPP-IV) generates 3-36-PYY from 1-36-PYY and thereby changes receptor
binding abilities. While 1-36-PYY binds to all Y receptors, 3-36-PYY interferes mainly with
Y2 and moderately with Y1 and Y5 receptors. Both forms are able to cross the blood-brain
barrier. Plasma PYY levels are higher after intake of a high-protein meal than after the intake
of high-fat or high-carbohydrate meals (Ueno et al., 2008). In case of fat intake, the amount
of released PYY depends on the chain length of fatty acids, as dodecanoic acid increases PYY,
while decanoic acid does not (Feltrin et al., 2006). Vasoactive intestinal polypeptide (VIP) as
well as CCK stimulate PYY release, while gastrin inhibits PYY release. The half-life period of
PYY is at nine minutes (Ballantyne, 2006; Huda et al., 2006). For further explanation, see
figure 2.

PYY plays an important role in the concept of the ileal brake, which is a feedback mechanism
that slows gastric emptying and intestinal transit when nutrients are available in the small
intestine (Read et al., 1984; Grudell et al., 2007). PYY is known to slow down gastric emptying
and mouth to caecum transit time. Moreover, PYY regulates Gl secretion, as it inhibits gastric
acid secretion, pancreatic exocrine and insulin secretion and chloride secretion in the small
bowel and the colon (Ballantyne, 2006). It seems, that 1-36-PYY inhibits glucose-stimulated
insulin secretion more than 3-36-PYY, while 3-36-PYY increases insulin sensitivity (Boey et
al., 2007). For the sake of completeness, further functions of PYY shall be mentioned: In the
kidneys, PYY decreases the glomerular filtration rate and inhibits renin release. Furthermore,
PYY promotes vasoconstriction and increases systolic and diastolic blood pressure (Ballantyne,
2006).

GLP-1, which is co-localized with PYY in the L-cells, is also released in proportion to energy
content and suppresses gastric emptying. It stimulates insulin release and suppresses glucagon
release. Moreover, GLP-1 might play a role in an autoregulatory inhibitory feedback mechanism
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of the PYY/GLP-1 system (Huda et al., 2006).
It was shown that ghrelin attenuates anorexic responses to intravenous infusions of PYY
and GLP-1 (Chelikani et al., 2006).

6.1 Peptide YY and food intake

As 1-36-PYY is a Y1 and Y5 agonist, central administration increases food intake, weight gain
and exploratory activity in rodents. Interestingly, this orexigenic effect of 1-36-PYY persists in
rats with Y1 and Y5 receptor deletions (Boggiano et al., 2005). In contrast, peripheral infusion
of 1-36-PYY decreases high-fat intake, probably due to conversion of 1-36-PYY to 3-36-PYY
through DPP-IV (Ballantyne, 2006).

As mentioned above, Y2-R agonism reduces food intake probably by inhibition of orexigenic
NPY/AGRP expressing neurons of the ARC, which hereafter are less inhibitory on anorexigenic
POMC neurons (see section 3). 3-36-PYY is known to be a potent Y2 receptor agonist.
Accordingly, in several studies an anorexigenic effect of peripheral 3-36-PYY administration in
humans and animals could be shown. The fact that this effect of 3-36-PYY is Y2-R mediated,
could be affirmed by the observation that Y2-R blockade and Y2-R knockout reduce 3-36-PYY
caused inhibition of feeding (Ballantyne, 2006). Peripheral administration of PYY leads to
decreased NPY mRNA expression in the ARC, while POMC mRNA and c-fos expression are
increased and MCH mRNA levels are not changed (Batterham et al., 2002; Challis et al., 2003).
Thus, the anorexigenic effect of 3-36-PYY is probably mainly mediated by its binding to Y2
receptors at vagal afferent terminals of the nodose ganglion projecting to the nucleus tractus
solitarii (NTS), as abdominal vagotomy annihilates the anorectic effect of 3-36-PYY in rats
(Koda et al., 2005; Ueno et al., 2008). PYY deficiency might contribute to the pathogenesis of
obesity, as fasting PYY levels correlate negatively with the body-mass index and food intake is
reduced after PYY infusion to obese subjects nearly to the same dimension as in lean subjects
(normal PYY sensitivity in obese people) (Batterham et al., 2003). Despite several studies
showing an anorexigenic effect of 3-36-PYY, this “fact” is not generally accepted. Boggiano
et al. (2005) reviewed 41 studies, of which 33 showed no anorectic effect of 3-36-PYY. Still,
more recent studies confirmed the anorexigenic effect of 3-36-PYY. Moriya et al. (2009) found,
that i.p. injection of 3-36-PYY dose-dependently reduces food intake in lean and obese mice,
especially when combined with a Y5-R antagonist. For further explanation, see figure 2.

PYY knockout also leads to inconsistent results. While one study showed hyperphagia and
increased body weight, other groups found this effect only in female PYY-/- mice and two
groups found no effect of PYY knockout (Kirchner et al., 2010). Batterham et al. (2006)
found that PYY knockout leads to hyperphagia, obesity and hypersensitivity to PYY. Different

strategies to cause PYY knockout could be responsible for different results in the different
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knockout studies (Batterham et al., 2006).

PYY reaches its nadir in humans during mid-puberty. This might promote pubertal pro-
gression and growth (Lloyd et al., 2010). Higher levels of PYY after gastric bypass might
at least partly mediate the anorexigenic effect (and subsequently weight-loss) of this surgery
(Ashby et al., 2007).

6.2 PYY/GLP-1 and anorexia nervosa

Paradoxically, since serum PYY seems to be anorexigenic, many groups found elevated serum
PYY levels in AN patients (Misra et al., 2006; Pfluger et al., 2007; Prince et al., 2009; Lawson
et al., 2011). This might be a reason for decreased food intake in AN. However, other studies
found normal or low PYY levels in AN patients, which would be more expectable and might be
due to differences in assay sensitivity (Germain et al., 2007). Additionally, it is to mention that
in subjects with constitutional thinness (CT) PYY levels are significantly higher than in AN
patients, while ghrelin is lowest in CT subjects (Germain et al., 2007). Moreover, an elevated
PYY level is associated with reduced bone density, which suggests a role of PYY in bone
metabolism (Utz et al., 2008). GLP-1 levels are lower in AN patients compared to healthy
controls (Huda et al., 2006).
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7 Leptin

Leptin, a product of the ob gene, is a hormone consisting of 167 amino acids and weighs 16 kDa.
It is mainly released from adipocytes, which are the dominant cells of adipose tissue. Therefore,
the leptin plasma level is positively correlated with body fat mass. In case of fasting, plasma
leptin levels decrease, while overeating leads to an increase. The main function of leptin is the
transmission of available energy stores to the CNS and a decrease of food intake. Hence, leptin
can be called an anorexigen. Other implications of leptin are the regulation of motor activity,
sleep, of the hypothalamic-pituitary-gonadal axis and the hypothalamic-pituitary-thyroid axis
(Ehrlich et al., 2009; Bliher et al., 2004).

7.1 Leptin and the regulation of food intake and activity

The rate at which leptin is transported across the blood brain barrier is inverse to the triglyceride
level. According to that, high triglyceride levels attenuate leptin transport into the CNS. In case
of fasting, serum triglyceride levels are high due to fat mobilisation from adipose tissue (Banks,
2006). By this mechanism, the level of leptin in the CNS and accordingly its anorexigenic effect
are decreased in case of starvation. However, this mechanism is disadvantageous in case of
obesity, when serum triglyceride levels are also elevated and the anorexigenic effect of leptin
would be desirable. On the other hand, drastically reduced food intake in this case could be
disadvantageous, too, as vitamin-deficiency might be the consequence (Banks, 2006).

Leptin administration decreases food intake (Huang et al., 2006). In the hypothalamus,
leptin binds to receptors (ObRb) expressed on POMC neurons and NPY /AGRP neurons in the
ARC and the VMN. While it activates anorexigenic POMC neurons directly by depolarising
their membrane and increasing mRNA expression, NPY neurons, which inhibit POMC neurons,
are inhibited by leptin (Cowley et al., 2001; Thornton et al., 1997). As mentioned above
(3.1), leptin exhibits a postsynaptic inhibitory effect on MC4-R expressing cells of the PVN.
This stands in contrast with the suggestion that leptin activates the melanocortin pathway,
and requires further investigation (Ghamari-Langroudi et al., 2011). However, in the ventro-
medial nucleus, which exerts an anorexigenic tone, leptin has an activating effect (Chee et al.,
2010). The orexigenic endocannabinoids anandamide and 2-arachidonoyl-glycerol are probably
regulated by leptin, too, as defective leptin signalling (e.g. in ob/ob mice) is associated with
elevated endocannabinoid levels and leptin treatment reduces these levels in case of defective
leptin signalling (Di Marzo et al., 2001). Interestingly, the anorexigenic neuropeptide W is
not upregulated by leptin and thus might play a role in energy homeostasis in case of leptin
deficiency (Date et al., 2010). Serum levels of the brain-derived neurotrophic factor (BDNF)
in AN patients depend on the degree of hypoleptinaemia (Ehrlich et al., 2009).
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Hyperactivity in AN is linked to hypoleptinaemia (Exner et al., 2000; Baranowska et al.,
2008). In ABA, leptin levels decrease over the course of time, probably due to loss of fat mass.
Injection of leptin in the lateral ventricle and the ventral tegmental area (VTA) of experimental
animals with ABA suppresses RWA, while food intake is not affected. In contrast, leptin
injection into the VTA of ad libitum fed rats without hyperactivity does not affect the activity
level, but reduces food intake. The VTA is known to be involved in reward and locomotion and
leptin receptors have been identified in this area. As leptin alters reward aspects and activity is
associated with reward, leptin might reduce activity by reducing its rewarding effect (Verhagen
et al., 2011). On the other side, NPY is known to be elevated in ABA and might boost activity.
Hence, the activity reducing effect of leptin in this model, might also be due to its ability to
reduce NPYergic action (see 3.1.3). MCH does not seem to play a major role in the effect of
leptin on RWA activity in ABA (Hillebrand et al., 2008). On the other hand, the effect of leptin
on thermogenesis has to be considered. Leptin increases thermogenesis in brown adipose tissue
and might subsequently decrease behavioural thermoregulation, as shown by decreased RWA
activity. Moreover, continuous central leptin infusion has an inhibitory effect on the treadmill-
running induced activation of CRFergic neurons of the PVN, while CRF-2-R expression in the
VMN is increased (Huang et al., 2006). Accordingly, leptin deficient ob/ob mice show high
circulating glucocorticoid levels, as do AN patients, who display low leptin levels (Bliiher et al.,
2004).

7.2 Leptin and Anorexia nervosa

Several studies found decreased plasma leptin levels in AN (Baranowska et al., 2001; Beranova
et al., 2009; Janas-Kozik et al., 2011). Cerebrospinal fluid leptin levels are also decreased
in AN (Mantzoros et al., 1997). Low body fat mass in AN is most probably responsible for
these results. Moreover, leptin concentrations are significantly lower in AN subjects than in
individuals with constitutional thinness (Germain et al., 2007). After six weeks of treatment of
AN, plasma leptin levels significantly increase (Beranova et al., 2009). Thereby, plasma leptin
reaches normal levels when underweight is still present. This might contribute to the problems
in re-feeding of AN patients (Mantzoros et al., 1997).

As mentioned above, hyperactivity in AN is linked to hypoleptinaemia. When hypolepti-
naemia is present, AN patients rank their motor restlessness higher than after reaching maximal
leptin levels post-therapeutically (Exner et al., 2000). The negative correlation between leptin
level and activity level, can also be objectified using accelerometers (Hillebrand et al., 2008).

Additionally, low leptin levels in AN are related to a high “drive for thinness”, an EDI-22 sub-

2Eating Disorder Inventory (first revision)
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scale which refers to issues like preoccupation with weight and dieting, to the absence of sexual
desire and intimate relationships and to depressive symptoms (Ehrlich et al., 2009). It is to
mention that decreased TSH and free T3 levels in AN might contribute to depression and that
hypoleptinaemia might be responsible for the dysfunction of the hypothalamic-pituitary-thyroid
axis (Reinehr et al., 2008). Several links between leptin and this axis could be found, but the
exact connections are still not clear (Bliiher et al., 2004).

Finally, many implications of leptin in the hypothalamic-pituitary-gonadal axis are docu-
mented. Administration of leptin to starving rats restores regular ovulation. In case of infertile
leptin-deficient ob/ob mice, leptin administration restores fertility and sexual behaviour. Leptin
deficient children undergo puberty, when treated with leptin. The increase of leptin levels in
weight-gaining AN patients goes along with an increase of LH and FSH levels. All these ob-
servations suggest that leptin activates the hypothalamic-pituitary-gonadal axis, which might
be suppressed in case of and because of energy shortage as present in AN (Kiess et al., 2000;
Bliiher et al., 2004).

The implication of leptin for several elements of AN makes it a valuable diagnostic criterion.
Following Fockner et al., a cutoff value of leptin in the range of 2 pg/L (mean 0.87 pg/L) has
high specificity and sensitivity in predicting AN independently of BMI (Fockner et al., 2011).

Taking everything into consideration, leptin might be of future therapeutic value in AN -
especially in AN related hyperactivity - and further studies should be performed in this direction
(Stgving et al., 2009).
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8 Ghrelin

Ghrelin is a hormone consisting of 28 amino acids. It is mainly synthesized by X/A-like cells
in the fundus of the stomach, and to a lesser extent also by neurons of the ARC, the DMN,
the VMN, the PVN and the LHA. Ghrelin binds to the G-protein coupled growth hormone
secretagogue receptor 1la (GHSR), which is expressed widely in the CNS (high expression in
the ARC) and regulates the release of growth hormone (GH). As shown in several studies,
ghrelin is a potent stimulator of food intake, even in satiated animals. In case of weight loss,
ghrelin levels are elevated, while food intake decreases ghrelin levels (Olszewski et al., 2008;
Kirchner et al., 2010). The latter seems to depend mainly on the chain length of the ingested
fatty acids (Feltrin et al., 2006). Because ghrelin levels physiologically increase preceding
a meal, it is hypothesised that ghrelin triggers meal initiation and food-anticipatory activity.
Interestingly, ghrelin deficiency does not result in a hypophagic phenotype. Ghrelin knockout in
mice only results in decreased body weight gain and fat mass compared to controls when fed a
high-fat diet (HFD), but not in decreased food intake, not even in leptin deficient hyperphagic
ob/ob mice. Knockout of the ghrelin receptor, however, leads to a reduction in food intake
and food-anticipatory behaviour, but, similarly to ghrelin knockout, only when fed a HFD.
Knockout of both ghrelin and GHSR leads to decreased body-weight under normal feeding
conditions. Moreover, ghrelin influences the HPA axis, plays a role in glucose metabolism, in
learning and memory and in food reward. Especially memory and reward might be essential
factors in the feeding related properties of ghrelin (Olszewski et al., 2008; Kirchner et al.,
2010). A relationship between hyperghrelinaemia and hypothalamic amenorrhoea in normal-
weight women was suggested (Stgving et al., 2009).

Ghrelin is probably capable of crossing the blood-brain barrier. Direct injection of ghrelin
into the ARC stimulates food intake, as does injection into the PVN (Olszewski et al., 2008).
In the ARC, ghrelin probably binds to GHSR receptors on NPY /AGRP expressing neurons and
stimulates their activity. As mentioned in section 3.1, the NPY /AGRP system has an orexigenic
effect. Moreover, ghrelin might activate orexin expressing neurons of the LHA and inactivate
POMC neurons of the ARC, which would boost its orexigenic effect that might also be caused
by its ability to increase gastric acid secretion and gastric motility (Huda et al., 2006). Ghrelin
might in addition mediate its orexigenic effect by directly inhibiting PYY and GLP-1, which
are known to delay gastric emptying (see section 6) (Chelikani et al., 2006).

As mentioned before, ghrelin might play an important role in food-anticipatory activity
(FAA). Regarding this, it could be shown that FAA is significantly reduced in mice lacking
ghrelin receptors. Moreover, ghrelin administration increases locomotor activity in the absence

of food (LeSauter et al., 2009). Accordingly, plasma ghrelin levels are highly associated with
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increased running wheel activity, which probably indicates food-anticipatory activity, in ABA
(see 2.1). GHSR knockout mice do not anticipate food in this model and the FAA is suppressed
by a GHSR antagonist (Verhagen et al., 2010). Moreover, in ABA chronic hyperghrelinaemia
induces GHSR expression on visceral and subcutaneous fat which might indicate the prevention
of lipid loss (Pardo et al., 2010). Still, ghrelin antagonism might be of potential therapeutic
value in hyperactive AN patients.

In AN, plasma ghrelin levels are significantly increased compared to controls (Prince et al.,
2009; Beranova et al., 2009). Ghrelin concentrations are significantly higher in AN subjects
than in individuals with constitutional thinness (Germain et al., 2007). However, the elevation
of ghrelin levels might depend on weight loss, as ghrelin levels of weight-stable and weight-
gaining AN patients do not differ significantly from that of healthy controls (Stgving et al.,
2009). However, elevated ghrelin levels are expected only in restricting-type AN. In patients
with AN-associated bingeing-purging behaviour, ghrelin levels are decreased (Germain et al.,
2010). Elevated plasma ghrelin levels in AN might be due to an existing ghrelin resistance in
this eating disorder. A negative correlation between plasma levels of ghrelin auto-antibodies
and ghrelin itself might strengthen this hypothesis (Terashi et al., 2011). Finally, a genetic
variation of the gene encoding the ghrelin activator enzyme “ghrelin O-acyltransferase” (GOAT)
might be implicated in the etiology of AN (Miiller et al., 2010).
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9 Nitric oxide

Nitric oxide (NO) is a signalling molecule, produced in cells by the enzyme nitric oxide synthase
(NOS) from L-arginine. NO activates the cytoplasmatic enzyme soluble guanylate cyclase
(sGC) and thereby induces production of cyclic guanosine monophosphate (cGMP). NOS is
found in different isoforms. In neurons, NO is produced by nNOS. sGC and nNOS are both
found in the hypothalamic ARC (Morley et al., 2011; Riediger et al., 2006).

NO is known to be a central component in neuropeptide regulation of food intake. NO has
been shown to be important in the action of NPY, leptin, ghrelin, orexin and CCK. Orexigenic
peptides increase NO formation, while anorexigens decrease NO. The food intake inducing
effects of NPY, ghrelin and orexin-A can be counteracted by administration of N-omega-nitro-
L-arginine-methyl-ester (I-NAME), a NOS inhibitor (Morley et al., 2011). Leptin instead,
which is known to be an anorexigen, decreases NO and nNOS in the hypothalamus, while
the anorexigenic effect of leptin is greatly reduced in nNOS knockout mice. Furthermore,
administration of NPY, ghrelin and orexin-A fail to enhance food intake in nNOS knockout mice,
while CCK (an anorexigen) does not decrease food intake in these mice. It has further been
shown that NO is essential in stressful situations, as food-deprived mice with NOS knockout
fail to adapt to this situation (Morley et al., 2011). Administration of NOS inhibitors leads to
decreased food intake and body weight in rodents. To the contrary, NOS gene expression in
the PVN and NOS activity in the VMN and the ARC are reduced in case of food deprivation.
NO production is lower in this case. This is surprising, as NPY and ghrelin are known to be
elevated in case of food deprivation and to increase NO. Moreover, it has been shown that
administration of the NO donor sodium nitroprusside (SNP) inhibits neurons in the ARC that
are activated by ghrelin. As mentioned in section 8, ghrelin mediates its orexigenic effect partly
by activating NPY/AGRP neurons in the ARC (Riediger et al., 2006).

As mentioned above (2.2), lipopolysaccaride (LPS) administration induces disease-related
anorexia. Following this treatment, inducible NOS (iNOS) is expressed in the ARC. Blockade
of iINOS by the specific inhibitor 1400W attenuates LPS-induced anorexia, as well as LPS-
induced adipsia, hyperthermia and inactivity. So, INOS dependent NO formation seems to be
substantial in disease-related anorexia (Riediger et al., 2010).

In AN, plasma nitrite and cGMP levels are inversely correlated with BMI (Vannacci et
al., 2006). Densitometric analysis of astrocytoma cells incubated with AN lipoproteins shows
elevated INOS and nNOS levels compared to cells incubated with control lipoproteins (Vignini
et al., 2008).
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10 Endocannabinoids

The endocannabinoids, e.g. anandamide (arachidonylethanolamide) and 2-arachidonoylglycerol
(2-AG), which are derived from polyunsaturated fatty acids of the omega-6 series, are known to
be involved in food intake and appetite. Endocannabinoids bind to the cannabinoid receptors
CB1 and CB2, both localized in the brain and in peripheral organs (Stgving et al., 2009). In
addition, anandamide is now often referred to as “endovanilloid”, as it binds to the vanilloid re-
ceptor TRPV1. Additionally, it was shown that the G-protein-coupled receptor 55 (GPR55) has
also binding affinity for endocannabinoids (Ishiguro et al., 2010). The endocannabinoid system
is essential in neonatal development, as its blockade prevents suckling in rat pups. Moreover,
the CB1 receptor (CB1-R) antagonist rimonabant (SR141716A) was for some time approved
as anti-obesity drug. Intake of the exocannabinoid delta-9 tetrahydrocannabinol (THC) has
appetite stimulating effects in humans, which may be mediated through the rewarding proper-
ties of food. However, the effect of cannabinoids appears to be bi-phasic, as their food intake
stimulating or inhibiting effects seem to be dose and preparation dependent, which was found
in several animal experiments (Stgving et al., 2009).

The positive effect of endocannabinoids on food intake seems to be CB1-R mediated, as
CB1-R knockout mice eat less than controls, and the CB1-R antagonist SR141716A has no
effect on feeding in these mice. Leptin administration reduces anandamide and 2-AG levels in
the hypothalamus of leptin deficient ob/ob mice and normal rats (Di Marzo et al., 2001).

Lewis et al. (2010) investigated the effect of THC and (S)-N-oleoyl-(1"-hydroxybenzyl)-
2’-ethanolamine (OMDM-2), an anandamide re-uptake inhibitor, in C57BL/6 mice under ABA
conditions (see 2.1). Acute food restriction (3h/d) and access to a running wheel in C57BL/6
mice leads to the aforementioned characteristics of ABA which are: Increased RWA, decreased
food intake and weight loss compared to controls without running-wheel access. But since
hyperactivity is only present on the first day of food restriction and RWA then declines to
levels beneath baseline RWA, this model offers only a very narrow window for pharmacological
intervention. Therefore, the ABA model was optimized and, instead of acute induction, food
restriction was progressively induced over 4 days (6, 5, 4 and finally 3 h/d) after habituation
to a running wheel for 7 days (Lewis et al., 2010). Over the following 12 days, mice with
running-wheel access showed significantly less food intake and body-weight than controls with-
out running-wheel access. As the window for pharmacological interventions is much expanded,
this optimized anorexia inducing model seems to be more appropriate for the investigation
of potential pharmacological therapies in AN. RWA, however was significantly higher only in
the period of progressive food restriction and shows an almost constant decline in the days

following this period. Percentage activity in the light phase, though, increases in the period of
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progressive food restriction and even more in the days after this period. The lack of persistent
elevated RWA might be due to reduced nutritional reserves of mice (Lewis et al., 2010). In
contrast to the above mentioned studies of Gelegen et al. (2007) (see 2.1), experimental
animals were younger and wheel access was not permitted simultaneously with food presen-
tation. Additionally, the effects of administration of THC or OMDM-2 were tested in this
model. Wheel-running mice increased food intake after administration of THC (0.5 mg/kg)
compared to vehicle treated mice. Body-weight, instead, showed no increase. An arguably
higher mortality rate in THC treated wheel-running mice might be due to the hypothermic
effect of THC. RWA was not affected by THC administration. OMDM-2 also increased food
intake, but only in a dosage of 3 mg/kg and without ameliorating body-weight loss.

A recent study shows for the first time an effectiveness of THC in attenuating the weight
loss in an ABA model (Verty et al., 2011).

Plasma levels of anandamide are significantly elevated in AN patients (Monteleone et al.,
2005). This might account for a possible addictive component of AN. Furthermore, significantly
higher plasma levels of CB1-R mRNA were found in AN patients compared to controls (Frieling
et al., 2009). Impaired endocannabinoid signalling might be causative in AN. Moreover, two
single nucleotide polymorphisms (SNPs) were shown to be associated with AN. The rs1049353
SNP of the gene encoding the CB1 receptor and the rs324420 SNP of the gene encoding fatty
acid amide hydrolase (FAAH), an enzyme degrading endocannabinoids, are significantly more
frequent in AN patients (Monteleone et al., 2009). The functional Gly195Val polymorphism
in the GPR55 gene (mentioned above) was also shown to have a small effect for predisposing
people to AN (Ishiguro et al., 2010).

Up to this day, no trial has been performed that clearly shows a beneficial effect of THC
on food intake in AN patients. Earlier (small) trials exhibited ether no effect on food intake or
are difficult to assess because of insufficient study design (Stgving et al., 2009).
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Part |1

Effects of JNJ-31020028

This part describes an experiment, which was performed in the course of this final year thesis.
The aim of this experiment was mainly to determine the effect of the selective Y2 receptor an-
tagonist “JNJ-31020028" on food intake, locomotor activity and exploratory behaviour of mice
under normal and activity-stress conditions. JNJ-31020028 (JNJ) was for the first time char-
acterized by Shoblock et al. (2010) to be a selective brain penetrant small molecule antagonist
of the Y2-R. As mentioned above (section 3), additionally to its postsynaptic expression, the
Y2-R is expressed presynaptically on NPY/AGRP neurons of the ARC. NPY/AGRP neurons
are known to exert an orexigenic effect, partly by inhibiting anorexigenic POMC neurons (Chee
et al., 2008). However, agonists at Y2-Rs expressed on NPY/AGRP neurons exert inhibitory
effects on NPY/AGRP neurons and probably anorexigenic effects. In terms of a negative feed-
back, NPY itself binds to Y2-Rs on NPY/AGRP neurons, just as 3-36-PYY, which is known to
be an anorexigen (see section 6). Hence, it has been suggested that Y2-R antagonists might
increase NPY levels in the CNS and therefore exhibit orexigenic effects (Brothers et al., 2010).

Accordingly, the first aim of this experiment was to demonstrate the effect of JNJ on
feeding in mice. Moreover, the role of the NPY system in ABA was considered. As mentioned
above, rats and certain mouse strains react to food-restriction with increasing running-wheel
activity and decreasing food intake (activity-stress animal model for AN, see 2.1), a behaviour
which might be present in some AN patients, too. NPY levels are elevated in this model.
Additionally, Nergardh et al. (2006) were able to show that in the activity-stress model rats
increase running-wheel activity and decrease food intake when treated with NPY more than rats
under the same conditions treated with vehicle. Furthermore, nocturnal locomotion is enhanced
in Y2-R knockout mice (Edelsbrunner et al., 2009). Thus, Y2-R antagonism might as well lead
to increased activity under normal conditions and/or in activity-based anorexia and subsequently
to a higher energy expenditure. This would limit the use of Y2-R antagonists in AN, especially
as hyperactivity is already a problem in many AN patients. In the present experiments DBA/2-
mice were used as experimental animals, which have been shown to increase their activity under
ABA conditions (Gelegen et al., 2007). As NPY is known to have anxiolytic effects (Thorsell,
2010), it has to be suggested that administration of a Y2 antagonist might have anxiolytic
effects as well. Finally, Y2-R antagonism might increase drinking, since drinking has been
shown to be slightly increased in Y2-/- mice (Edelsbrunner et al., 2009). As an aside, JNJ has
already been tested for its effect on alcohol consumption, relapse-like behaviour and withdrawal-

induced anxiety of rats (Cippitelli et al., 2010) as well as on nicotine abstinence-related social
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anxiety-like behavior, NPY and CRF mRNA levels in the novelty-seeking phenotype (Aydin et
al., 2011).

11 Methods

11.1 Experimental protocols

A total of 54 DBA/2-mice were used and allocated randomly to three groups. Allocation to
subgroups took place randomly as well (figure 3).

The first group (group 1), consisting of 18 mice, was further subdivided into three sub-
groups, each consisting of six mice (groups 1.1, 1.2 and 1.3). One group at a time was
examined in the LabMaster for one week, while the other two groups were housed in groups of
three to five in cages of size Il L (length x width x height = 26 cm x 20.5 cm x 14 cm). The six
mice under examination were housed singly in LabMaster cages, after measuring their weight.
For the first four days of the week the LabMaster measured activity, drinking and feeding of
these mice. On the fifth day injection of JNJ to three mice and vehicle to the remaining three
mice took place. After this, measurement of activity, drinking and feeding went on for another
two days. On day seven, the weight of the six mice was measured again. Data of two mice of
group 1 were not used for statistical evaluation, because their drinking bottles were leaking or
blocked. One mouse of group 1 was excluded because of inexplicable high exploratory activity,
with a peak of 3000 (counts) compared to peaks of 1000 in other mice.

The second group (group 2), consisting of 18 mice, was subdivided into groups 2.1, 2.2
and 2.3 and treated and housed just as group 1. The only difference to group 1 was that they
were treated with a higher dose of JNJ (see 11.3).

The third group (group 3), consisting of 18 mice (groups 3.1, 3.2 and 3.3), was treated
differently: To force an increase of activity, the mice received food only in the first three hours
of the dark-phase (Gelegen et al. 2007). In this case, food consumption was determined
by measuring the weight of the feeding bins before and after the three hour feeding period.
Measurement of drinking and activity was performed by the LabMaster system. Additionally,
the body weight was measured at the beginning, just before injection of JNJ or vehicle (on
the fifth day) and at the end of each week. One mouse of group 3 was excluded because of
inexplicable high exploratory activity. The data of six mice which died during the experiment

were also excluded.
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Group 1.1 (n=6)

Group 1.2 (n=6)
Group 1 (n=18), no diet-restriction

Group 1.3 (n=6)

Group 2.1 (n=6)

Number of mice (n=54) Group 2 (n=18), no diet-restriction Group 2.2 (n=6)

Group 2.3 (n=6)

Group 3.1 (n=6)

Group 3 (n=18), diet-restriction

Group 3.2 (n=6)

Group 3.3 (n=6)

Figure 3: Study design. See section 11.1 for further explanation. All animals are shown in this
figure, independently of whether or not the data were used for statistical evaluation.
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11.2 Experimental animals

The study was carried out with female DBA/2-mice, which were housed under controlled
temperature (set point 21° C), relative air humidity (set point 50%) and light conditions
(lights on at 7:00 h, lights off at 19:00 h, maximal intensity 150 lux). The experimental
procedures as well as the number of animals used in this trial were approved by an ethical
committee at the Federal Ministry of Science and Research of the Republic of Austria and
executed according to the “Directive of the European Communities Council” of 24 November
1986 (86/609/EEC). The experiments were designed and conducted with the aim to minimize
the number of animals used as well as their suffering. Female mice were used because AN is
highly prevalent in females. DBA /2-mice were used because of their reaction to diet-restriction.
Under these circumstances DBA /2-mice show increased activity, a phenomenon that matches
with the behaviour of many AN patients (Gelegen et al., 2007). The mice were bred at Charles
River (Sulzfeld, Germany). The experiments were executed at the behavioural laboratory of

the Experimental and Clinical Pharmacology Institute of Graz.

11.3 JNJ-31020028: Properties and administration

JNJ-31020028 (JNJ, Johnson & Johnson, San Diego, USA) is a brain-penetrant Y2-R antag-
onist. For this experiment, JNJ was dissolved in vehicle at a concentration of 5 mg/ml (mice
1-3 of groups 1.1, 1.2, 1.3, 3.1, 3.2, 3.3) and 10 mg/ml (mice 1-3 of groups 2.1, 2.2 and 2.3).
As vehicle (VEH) a solution of 20% hydroxypropyl-beta-cyclodextrin (HPBCD) in pyrogen-free
sterile saline (0.9% NaCl) was used (Shoblock et al., 2010). Both, JNJ and vehicle (mice 4-6
of all groups), were injected intraperitoneally (i.p.) at a volume of 2 pl/g. Accordingly, JNJ
was injected in a dosage of 10 mg/kg (groups 1.1, 1.2, 1.3, 3.1, 3.2, 3.3) or 20 mg/kg (groups
2.1, 2.2 and 2.3). The injection took place on day 5 of each week between 6.15 p.m. and 6.45

p.m..

11.4 LabMaster system

The LabMaster system and basic recording protocol were as described by Edelsbrunner et al.
(2009). The circadian pattern of locomotion, exploration, drinking and feeding was assessed
with the LabMaster system (TSE Systems, Bad Homburg, Germany), which allowed continuous
recording of these parameters for up to seven days while the animals remained mostly undis-
turbed by any investigator. The system consisted of six recording units, each unit comprising
a test cage (type lll, 42 cm x 26.5 cm x 15 cm, length x width x height), two external infrared
frames and a cage lid fitted with two weight transducers. These devices were connected to a
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personal computer which was used to collect and analyze the data with the LabMaster software
(Edelsbrunner et al., 2009). The hardware sampling rate at the infrared frames was 100 Hz,
while that at the drinking and feeding sensors was 1 Hz. In contrast, the minimal sampling
interval of the LabMaster software was 1 min, which means that the recordings taken by the
hardware over 1 min (6000 and 60, respectively) were summed up at 1 min intervals. In other
terms, 720 values of each test data were collected over a 12 h interval. The two or three
weight transducers were employed to quantify ingestive behaviour (Edelsbrunner et al., 2009).
To this end, a feeding bin filled with standard rodent chow (altromin 1324 FORTI; Altromin,
Lage, Germany) and a drinking bottle filled with tap water were each attached to a transducer
on the cage lid. An additional drinking bottle filled with sucrose solution (2%) was provided
in one experimental group. The drinking flasks were equipped with a special nipple that pre-
vented the spontaneous leaking of water from the bottle. Water and food intake over time was
measured in ml and g, respectively (Edelsbrunner et al., 2009). For recording locomotion and
exploration, the two external infrared frames were positioned in a horizontal manner one above
the other at a distance of 4.3 cm, with the lower frame being fixed 2.0 cm above the bedding
floor. The bottom frame was used to record horizontal locomotion (ambulatory movements)
of the mice, while the top frame served to record vertical movements (exploration). The mea-
sures of activity were derived from the light beam interruptions (counts) of the corresponding
infrared frames. An ambulatory movement was defined as temporally subsequent interruption
of any two different light beams in one axis, and the total locomotor activity was calculated
by summing up the counts in the x- and the y-axes over selected time intervals. Moreover, a
central area was defined in each cage, resulting in a rectangle of approximately 38 cm x 22.5
cm (length x width). Activity in this area was calculated by summing up the counts in the x-

and the y-axes within this area to assess anxiety (Edelsbrunner et al., 2009).

11.5 Statistics

Statistical evaluations and plotting were performed with SigmaPlot 11.0 (Systat Software Inc.,
Chicago, Illinois, USA). The effects of JNJ were evaluated using Student’s t-test after perform-
ing a normality test and an equal variance test. If the normality test failed, a Mann—-Whitney U
test was performed. Because of the exploratory nature of the study, probability values P<0.1
were regarded as statistically significant (Winer, 1991; Kirk, 1995; Hays, 2007).
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Figure 4: Mean body weight of JNJ-treated mice (10 mg/kg) (A) and of VEH-treated mice
(B) at the beginning (1) and end (2) of the experiment (group 1).

12 Results

12.1 Groups 1.1, 1.2, 1.3
12.1.1 Body weight

The average body weight of the mice was 20.40 £+ 0.45 g (mean = SEM, n = 15). At the
beginning of the experiment, there was no significant difference in weight between the group
of mice which later received JNJ and the group of mice which later received VEH. There was
also no significant difference between body weights at the beginning and end of each trial in

both treatment groups of mice (figure 4).

12.1.2 Locomotion and exploration

The locomotor (ambulatory) and the exploratory behaviour showed characteristic circadian time
courses over the seven days of observation. As is typical for nocturnal animals, the activity of
the mice was considerably higher in the dark phase (7 p.m. to 7 a.m.) than in the light phase
(7 a.m. to 7 p.m.). Regarding locomotion, there was no significant effect of JNJ (10 mg/kg)
compared to VEH (figure 5 and 6). There was also no detectable effect of JNJ on exploratory
behaviour (figure 7 and 8).

12.1.3 Ingestive behaviour

Drinking and feeding showed characteristic circadian time courses over the full seven days of

observation with peaks during the dark phase. Feeding was higher in mice after injection of
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Figure 5: Locomotor activity of mice. Parameters for locomotion were summed up over 120
min, meaning that one interval represents two hours. JNJ (10 mg/kg) or VEH was injected
around the time indicated by a dashed line. The red curve represents locomotion of JNJ-
injected mice, while the black curve represents locomotion of VEH-injected mice. The grey
shading indicates the dark phase.
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Figure 6: Locomotor activity of mice. Parameters for locomotion were summed up over 60 min,
meaning that one interval represents one hour. JNJ (10 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents locomotion of JNJ-injected mice,
while the black curve represents locomotion of VEH-injected mice. The grey shading indicates
the dark phase.
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Figure 7: Exploratory behaviour of mice. The parameter for exploration was summed up
over 120 min, meaning that one interval represents two hours. JNJ (10 mg/kg) or VEH was
injected around the time indicated by a dashed line. The red curve represents exploration of
JNJ-injected mice, while the black curve represents exploration of VEH-injected mice. The
grey shading indicates the dark phase.
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Figure 8: Exploratory behaviour of mice. The parameter for exploration was summed up over
60 min, meaning that one interval represents one hour. JNJ (10 mg/kg) or VEH was injected
around the time indicated by a dashed line. The red curve represents exploration of JNJ-
injected mice, while the black curve represents exploration of VEH-injected mice. The grey
shading indicates the dark phase.
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Figure 9: Food intake of mice between 5 p.m. and 7 p.m. (1) and between 7 p.m. and
9 p.m (2). The black bar represents JNJ-injected mice (10 mg/kg), the grey bar represents
VEH-injected mice. * P = 0.005.

JNJ (10 mg/kg) than after injection of vehicle. However, this difference was not significant (P
= 0.158). Still, it has to be mentioned that food intake between 5 p.m. and 7 p.m. and food
intake between 7 p.m. and 9 p.m. differed significantly in JNJ-injected mice (P = 0.005),
which was not the case in VEH-injected mice (P = 0.404) (figure 9, 53 and 54 in figure 10).
Of course, it has to be taken into consideration that mice show a higher intake of food in the
beginning of the dark phase than in the end of the light phase. Still, as VEH-treated mice do
not follow this pattern here, probably due to injection stress, JNJ-treated mice, which most
probably underwent equal stress, ate as mentioned significantly more food. In figure 11 and 12
the effect of JNJ on food intake is obvious. While there was no significant difference between
the two treatment groups detectable in the first hour after injection (7 p.m. to 8 p.m., 107 in
figure 12) (P = 0.648), the difference was highly significant in the second hour (8 p.m. to 9
p.m., 108 in figure 12) (P = 0.016). This positive effect of JNJ on food intake was further
affirmed by the observation that food intake between 7 p.m. and 8 p.m. and food intake
between 8 p.m. and 9 p.m. differed significantly in JNJ-injected mice (P = 0.003), which was
not the case in VEH-treated mice (P = 0.666) (figure 11 and 12). Drinking was not affected
by JNJ (figure 13 and 14).
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Figure 10: Food intake of mice. The parameter for feeding was summed up over 120 min,
meaning that one interval represents two hours. JNJ (10 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents food intake of JNJ-injected mice,
while the black curve represents food intake of VEH-injected mice. The grey shading indicates
the dark phase.
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Figure 11: Food intake of mice between 7 p.m. and 8 p.m. (1) and between 8 p.m. and
9 p.m (2). The black bar represents JNJ-injected mice (10 mg/kg), the grey bar represents
VEH-injected mice. * P = 0.003, ** P = 0.016.
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Figure 12: Food intake of mice. The parameter for feeding was summed up over 60 min,
meaning that one interval represents one hour. JNJ (10 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents food intake of JNJ-injected mice,
while the black curve represents food intake of VEH-injected mice. The grey shading indicates
the dark phase.
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Figure 13: Drinking (water) of mice. The parameter for drinking was summed up over 120 min,
meaning that one interval represents two hours. JNJ (10 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents drinking of JNJ-injected mice,
while the black curve represents drinking of VEH-injected mice. The grey shading indicates
the dark phase.
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Figure 14: Drinking (water) of mice. The parameter for drinking was summed up over 60 min,
meaning that one interval represents one hour. JNJ (10 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents drinking of JNJ-injected mice,
while the black curve represents drinking of VEH-injected mice. The grey shading indicates
the dark phase.

12.1.4 Anxiolysis

An anxiolytic effect of JNJ might be expressed by an elevated activity of a mouse within the
central area of its cage. This area was defined as described in 11.4. Actually, as figure 15
shows, the activity in this central area appeared to be elevated in JNJ-treated mice (10 mg/kg)

compared to VEH-treated mice. Yet, this difference was not significant.

12.2 Groups 2.1, 2.2, 2.3
12.2.1 Body weight

The average body weight of the mice, measured at the beginning of each experiment, was
20.22 + 0.25 g (mean = SEM, n = 18). Additionally, there was no significant difference in
weight between the group of mice which later received JNJ and the group of mice which later
received VEH. There was no significant difference between the body weights at the beginning
and end of the trial in both treatment groups of mice (figure 16). There was also no significant

difference between the average body weight of the mice of group 1 and the mice of group 2.

43



5000
! —@— J\J
| —@— VEH
4000 | i
i
3000 - i
|
2 ; |
[ g I
AWz sat l} BN
4 5 N |
/ ] n\ } 1‘3 ,}‘ }
1000 - ' &
> ‘,L
y
g ¢ R\ .
04 ‘e 8 o2 ¥ -, ﬁc\/lh, \
|
|
|
|
|

73 74 75 76 77 T8 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 85 96 97 98 99 100101102103104 105106107 108108110111112113114 115116117 118118120121

Interval

Figure 15: Activity of mice in the central area. The parameter for this activity was summed
up over 60 min, meaning that one interval represents one hour. JNJ (10 mg/kg) or VEH
was injected around the time indicated by a dashed line. The red curve represents activity of
JNJ-injected mice, while the black curve represents activity of VEH-injected mice. The grey

shading indicates the dark phase.
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Figure 16: Mean body weight of JNJ-treated mice (20 mg/kg) (A) and of VEH-treated mice
(B) at the beginning (1) and end (2) of the experiment (group 2).
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Figure 17: Locomotor activity of mice. Parameters for locomotion were summed up over 120
min, meaning that one interval represents two hours. JNJ (20 mg/kg) or VEH was injected
around the time indicated by a dashed line. The red curve represents locomotion of JNJ-
injected mice, while the black curve represents locomotion of VEH-injected mice. The grey
shading indicates the dark phase.

12.2.2 Locomotion and exploration

The locomotor (ambulatory) and the exploratory behaviour showed characteristic circadian time
courses over the seven days of observation. As is typical for nocturnal animals, the activity of
the mice was considerably higher in the dark phase (7 p.m. to 7 a.m.) than in the light phase
(7 a.m. to 7 p.m.). Regarding locomotion, there was no significant effect of JNJ (20 mg/kg)
compared to VEH (figure 17 and 18). Although there was a non-significant visible difference
between the two groups after injection, this was most probably so because of a generally higher
locomotor level of JNJ-treated mice in this case. There was also no detectable effect of JNJ

on exploratory behaviour (figure 19 and 20).

12.2.3 Ingestive behaviour

Drinking and feeding showed characteristic circadian time courses over the full seven days of
observation, with peaks during the dark phase. As seen in figure 21 and 22, there was no note-
worthy difference in feeding between JNJ-injected mice and VEH-injected mice. The positive
effect of JNJ (10 mg/kg) on feeding which was detectable in group 1, was not confirmed in
this group of mice receiving 20 mg/kg JNJ. Drinking (water) was also not affected by JNJ
(figure 23). Likewise, there was no clear-cut effect of JNJ on sucrose drinking (figure 24, 25).
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Figure 18: Locomotor activity of mice. Parameters for locomotion were summed up over 60
min, meaning that one interval represents one hour. JNJ (20 mg/kg) or VEH was injected
around the time indicated by a dashed line. The red curve represents locomotion of JNJ-
injected mice, while the black curve represents locomotion of VEH-injected mice. The grey
shading indicates the dark phase.
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Figure 19: Exploratory behaviour of mice. The parameter for exploration was summed up
over 120 min, meaning that one interval represents two hours. JNJ (20 mg/kg) or VEH was
injected around the time indicated by a dashed line. The red curve represents exploration of
JNJ-injected mice, while the black curve represents exploration of VEH-injected mice. The
grey shading indicates the dark phase.
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Figure 20: Exploratory behaviour of mice. The parameter for exploration was summed up
over 60 min, meaning that one interval represents one hour. JNJ (20 mg/kg) or VEH was
injected around the time indicated by a dashed line. The red curve represents exploration of
JNJ-injected mice, while the black curve represents exploration of VEH-injected mice. The
grey shading indicates the dark phase.
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Figure 21: Food intake of mice. The parameter for feeding was summed up over 120 min,
meaning that one interval represents two hours. JNJ (20 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents food intake of JNJ-injected mice,
while the black curve represents food intake of VEH-injected mice. The grey shading indicates
the dark phase.
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Figure 22: Food intake of mice. The parameter for feeding was summed up over 60 min,
meaning that one interval represents one hour. JNJ (20 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents food intake of JNJ-injected mice,
while the black curve represents food intake of VEH-injected mice. The grey shading indicates
the dark phase.

12.2.4 Anxiolysis

An anxiolytic effect of JNJ might be expressed by an elevated activity of a mouse within the
central area of its cage. This area was defined as described in 11.4. However, as figure 26

shows, the activity in this central area was not significantly altered by JNJ (20 mg/kg).

12.3 Groups 3.1, 3.2, 3.3
12.3.1 Body weight

The average body weight of the mice, measured at the beginning of each experiment, was
22.65 £+ 0.47 g (mean £ SEM, n = 11). There was no significant difference in weight between
the group of mice which later received JNJ and the group of mice which later received VEH.
Figure 27 shows the weight loss caused by food-restriction over seven days. The weight loss
was most pronounced during the days before injection of JNJ (10 mg/kg) or VEH. There was

no significant difference between the two treatment groups on day 7.
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Figure 23: Drinking (water) of mice. The parameter for drinking was summed up over 60 min,
meaning that one interval represents one hour. JNJ (20 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents drinking of JNJ-injected mice,
while the black curve represents drinking of VEH-injected mice. The grey shading indicates
the dark phase.

|
} -
0,6 1 } —@— VEH
I
[
[
[
1
0,4 - }
= [
= |
o) |
£ }
= |
E 02 ‘
o 1
|
[
0,0 A

T T T T T T T 1T LI L T T 1 T 1T 17 11T 1 1 1T T 1T T T 1T T 1T 1T 1T T 1T
73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 04 95 96 97 98 98 100101102103104105106 107108109 110111112112114115116117 118118120121

Interval

Figure 24: Drinking (sucrose) of mice. The parameter for drinking was summed up over 60 min,
meaning that one interval represents one hour. JNJ (20 mg/kg) or VEH was injected around
the time indicated by a dashed line. The red curve represents drinking of JNJ-injected mice,
while the black curve represents drinking of VEH-injected mice. The grey shading indicates
the dark phase.
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Figure 25: Drinking (sucrose) of mice. The parameter for drinking was summed up over
120 min, meaning that one interval represents two hours. JNJ (20 mg/kg) or VEH was
injected around the time indicated by a dashed line. The red curve represents drinking of
JNJ-injected mice, while the black curve represents drinking of VEH-injected mice. The grey
shading indicates the dark phase.
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Figure 26: Activity of mice in the central area. The parameter for this activity was summed
up over 60 min, meaning that one interval represents one hour. JNJ (20 mg/kg) or VEH
was injected around the time indicated by a dashed line. The red curve represents activity of
JNJ-injected mice, while the black curve represents activity of VEH-injected mice. The grey
shading indicates the dark phase.
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Figure 27: Mean body weight of mice on the days 1 to 7 of the diet-restriction experiment.
JNJ-treated mice (10 mg/kg) are represented by a red curve while VEH-treated mice are
represented by a black curve.

12.3.2 Locomotion and exploration

The locomotor (ambulatory) and the exploratory behaviour showed characteristic circadian time
courses over the seven days of observation. As is typical for nocturnal animals, the activity of
the mice was considerably higher in the dark phase (7 p.m. to 7 a.m.) than in the light phase
(7 a.m. to 7 p.m.). However, compared to mice which received food ad libitum, diet-restricted
mice showed a significant higher locomotor activity at the end of the light phase of days 4 to 6
(figure 28). This might be interpreted as food-anticipating activity and is also visible in figure
29, which shows the exploratory behaviour of diet-restricted mice and of mice fed ad libitum.

There was no significant effect of JNJ (10 mg/kg) on locomotor activity (figure 30).

12.3.3 Ingestive behaviour

As seen in figure 31, there was no noteworthy difference in feeding between JNJ-injected mice
(10 mg/kg) and VEH-injected mice following treatment on day 5. Interestingly, feeding of
JNJ-injected mice is visibly but not significantly lower after injection on day 5 than on day 4
(P = 0.195), while there is no noteworthy difference in VEH-injected mice. Drinking (water)
was not affected by JNJ-31020028 (figure 32).
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Figure 28: Locomotor activity of mice. Parameters for locomotion were summed up over 120
min, meaning that one interval represents two hours. JNJ (10 mg/kg) or VEH was injected
around the time indicated by a dashed line. The red curve represents locomotion of diet-
restricted mice, while the black curve represents locomotion of mice fed ad libitum. The
difference between the two groups at interval 52 is significant (P=0.084). The grey shading
indicates the dark phase.
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Figure 29: Exploratory behaviour of mice. The parameter for exploration was summed up
over 120 min, meaning that one interval represents two hours. JNJ (10 mg/kg) or VEH was
injected around the time indicated by a dashed line. The red curve represents locomotion of
diet-restricted mice, while the black curve represents locomotion of mice fed ad libitum. The
grey shading indicates the dark phase.
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Figure 30: Locomotor activity of diet-restricted mice. Parameters for locomotion were summed
up over 120 min, meaning that one interval represents two hours. JNJ (10 mg/kg) or VEH
was injected around the time indicated by a dashed line. The red curve represents locomotion
of JNJ injected mice, while the black curve represents locomotion of VEH injected mice. The
grey shading indicates the dark phase.

2,2

2,0

1.8 4

1.6 +

1.4 4

1.2 +

Feeding (9)

1.0 +

0.8

—@— JNJ
0.6 —&— VEH

0.4 T T T T T T

Days

Figure 31: Food intake of diet-restricted mice. The parameter for feeding was summed up
over the 180 min period of feeding in the dark phase. JNJ (10 mg/kg) or VEH was injected
immediately before the feeding period on day 5. The red curve represents food intake of
JNJ-injected mice, while the black curve represents food intake of VEH-injected mice.
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Figure 32: Drinking (water) of diet-restricted mice. The parameter for drinking was summed
up over 120 min, meaning that one interval represents two hours. JNJ (10 mg/kg) or VEH
was injected around the time indicated by a dashed line. The red curve represents drinking of
JNJ-injected mice, while the black curve represents drinking of VEH-injected mice. The grey
shading indicates the dark phase.
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Figure 33: Activity of diet-restricted mice in central areas. The parameter for this activity was
summed up over 120 min, meaning that one interval represents two hours. JNJ (10 mg/kg)
or VEH was injected around the time indicated by a dashed line. The red curve represents
activity of JNJ-injected mice, while the black curve represents activity of VEH-injected mice.
The grey shading indicates the dark phase.
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12.3.4 Anxiolysis

An anxiolytic effect of JNJ might be expressed by an increased activity of a mouse within
the central area of its cage. This area was defined as described in 11.4. As figure 33 shows,
there was no significant difference in the activity in this central area between JNJ-treated (10
mg/kg) and VEH-treated mice.

12.4 Discussion

The aim of this experiment was to determine the effect of the selective Y2-R antagonist “JNJ-
31020028" on food intake, locomotor activity and exploratory behaviour of DBA /2 mice under
normal and activity-stress conditions. As NPY is known to be an orexigenic peptide and Y2-R
antagonists might increase NPY levels in the CNS (Brothers et al., 2010), it was hypothesized
that JNJ increases food intake. Moreover, JNJ was expected to increase locomotor activity
and/or exploratory behaviour, because it was shown that firstly nocturnal locomotion is en-
hanced in Y2-/- mice (Edelsbrunner et al., 2009) and that secondly in the activity-stress model
rats increase running-wheel activity and decrease food intake when treated with NPY more
than rats under the same conditions treated with vehicle (Nergérdh et al., 2006). Additionally,
effects of JNJ on water and sucrose intake as well as anxiolytic properties of JNJ were exam-
ined. JNJ was expected to increase water intake, since nocturnal drinking has been shown to
be slightly increased in Y2-/- mice (Edelsbrunner et al., 2009). Moreover, NPY plays a role in
the regulation of mood (Brothers et al., 2010). To display effects of JNJ on mood, the mice of
group 2 had access to a bottle filled with sucrose solution, given that sucrose preference is a test
for depression-related behaviour. Finally, as NPY is known to have anxiolytic effects (Thorsell,
2010), it was suggested that administration of JNJ might affect anxiety-related behaviour as
well.

JNJ was characterized by Shoblock et al. (2010) to be a selective brain penetrant small
molecule antagonist of the Y2-R. In vitro, JNJ was shown to have high affinity for human
and rodent Y2-Rs. When JNJ was administered subcutaneously, its bioavailability was 100%
(Shoblock et al., 2010). Maximal Y2-R occupancy of JNJ (10 mg/kg) in rat hippocampus was
observed 1 h following peripheral administration. Regarding dosage, highest Y2-R occupancy
was seen at 10 and 30 mg/kg (Shoblock et al., 2010). In vivo, peripheral injection of JNJ
increased hypothalamic norepinephrine (NE) release, which is consistent with an inhibition of
NE release by Y2-R and indicates that JNJ acted in the brain. No anxiolytic effects of JNJ
were detectable in the elevated plus maze test, Vogel test, light—dark test and stress-induced
hyperthermia test in mice or rats (Shoblock et al., 2010). Additionally, JNJ (10 and 20 mg/kg)
was shown to decrease corticosterone levels significantly under conditions of stress, but not in
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nonstressed animals. JNJ-pretreated (20 mg/kg) stressed animals ate significantly more food
than VEH-pretreated stressed animals (Shoblock et al., 2010). Moreover, JNJ was tested on
nicotine abstinence-related social anxiety-like behavior as well as on NPY and CRF mRNA
levels in the novelty-seeking phenotype. Thereby, JNJ (20 mg/kg, i.p.) was shown to reverse
nicotine-induced social anxiety-like behavior during abstinence (Aydin et al., 2011). Finally,
Cippitelli et al. showed that JNJ (15 mg/kg, s.c.) was able to reverse the anxiogenic effects
of withdrawal. This might reflect anxiolytic-like properties of JNJ (Cippitelli et al., 2010).

In this experiment, JNJ was injected i.p. in dosages of 10 mg/kg or 20 mg/kg, because
previous studies had shown that maximal Y2-R occupancy in the brain was achieved by this
dose range (see previous paragraph). Intraperitoneal administration was chosen because of the
lean phenotype of the experimental animals which made subcutaneous administration nearly
impossible.

Regarding food intake, the effect of JNJ in this experiment was inconsistent. JNJ-treated
mice of group 1 (10 mg/kg) ate significantly more food than before treatment, while there
was no significant change in food intake of VEH-treated mice. Moreover, JNJ-injected mice
ate significantly more than VEH-injected mice in the second hour after injection. However,
this positive effect on food intake could not be confirmed in group 2 receiving a dosage of
20 mg/kg JNJ. It has to be mentioned that there was no significant difference in the mean
body weight of the mice of group 1 and the mice of group 2 at the beginning and end of the
experiment. A possible orexigenic effect of JNJ might therefore be dose dependent, possibly
in form of a bell-shaped dose-response curve. Yet, it has to be taken into consideration that
the mice of group 2 had access to a bottle filled with sucrose solution which was not the case
in group 1. This limits the comparability of group 1 and group 2. However, Shoblock et al.
found food intake to be significantly increased in stressed animals pretreated with JNJ at a
dosage of 20 mg/kg but not at a dosage of 10 mg/kg (Shoblock et al., 2010). The dosage
of JNJ necessary to increase food intake might therefore depend on corticosterone levels. The
CRF-POMC/ACTH-cortisol axis is known to exert anorexigenic effects (see section 5). It might
be that the method used by Shoblock et al. to induce stress led to higher corticosterone levels
than were present in the mice of the current study and therefore JNJ at a dosage of 10 mg/kg
was sufficient to achieve a significantly higher food intake. Although corticosterone or other
indicators of stress were not measured in the present experiment, it has to be assumed that
the animals were stressed, because they were kept separated (see section 2.1) and were briefly
restrained for the i.p. treatment. Still, it is debatable why there was no positive effect of JNJ
in group 2 (20 mg/kg) of the current experiment. In this context, it has to be taken into
consideration that Y2-Rs are not only expressed presynaptically on NPY neurons of the ARC,
but also postsynaptically on anorexigenic POMC neurons, and NPY inhibits POMC neurons by
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binding to such Y2-Rs (and Y1-Rs) (Chee et al., 2008; see 3.1.1 and figure 1). By binding to
Y2-Rs on POMC neurons, a Y2-R antagonist might cancel inhibitory effects of NPY on POMC
neurons. As postsynaptic receptors may be less accessible for exogenous drugs and higher drug
concentrations might increase the probability of postsynaptic effects, the positive effect of JNJ
on food intake might be attenuated when the dose of JNJ is increased.

Although nocturnal drinking has been shown to be slightly increased in Y2-/- mice compared
to WT mice (Edelsbrunner et al., 2009), it was not affected by JNJ in the current experiment. In
this context, the question has to be raised if Y2-R knockout is comparable to Y2-R antagonism.
It has to be taken into consideration that germ-line Y2-R knockout leads to compensatory
changes to maintain function. Sucrose preference was also not affected by JNJ, which suggests
that depression-related behaviour remained unaltered.

Although NPY is known to have anxiolytic properties (Thorsell, 2010), no such effects of
JNJ were detectable. It has to be mentioned that the procedure to assess anxiolytic effects in
the current experiment might be less sensitive than usual tests for anxiety. Moreover, anxiogenic
peptides such as CRF were not measured in this experiment. It might be that the stress level
of the experimental animals interfered with the evaluation of the effects under study and the
JNJ dosage was inadequate. As mentioned by Shoblock et al., who also found no anxiolytic
effects of JNJ, it has to be emphasized that there is no evidence that Y2-Rs are functional
autoreceptors in anxiety-related brain areas (Shoblock et al., 2010).

There was no significant effect of JNJ on ambulatory or exploratory behaviour in mice fed
at libitum (group 1 and 2). This is an interesting finding, since earlier studies showed that Y2-R
knockout increased nocturnal locomotion compared to WT mice (Edelsbrunner et al., 2009).
It has to be considered that the effect of JNJ to enhance activity would possibly attenuate
or extinguish its possible positive effect on body weight, because increased activity goes along
with increased energy expenditure.

As mentioned above, rats and certain mouse strains react to food-restriction with increasing
running-wheel activity and decreasing food intake (activity-stress animal model of AN, see
2.1). DBA/2 mice have been reported to show this behaviour. In the activity-stress model rats
increase running-wheel activity and decrease food intake when treated with NPY more than rats
treated with vehicle (Nergardh et al., 2006; see 3.1.3). As an Y2-R antagonist can elevate NPY
levels in the hypothalamus, it has to be assumed that administration of JNJ to DBA/2 mice
in the activity-stress model leads to increased activity and decreased food intake. This would
limit the use of JNJ in AN, where hyperactivity is a common problem and might at least partly
be due to high NPY levels. Therefore, it seemed reasonable to test the effect of JNJ in activity-
based anorexia in DBA /2 mice. However, overall activity of the diet-restricted animals was not

significantly higher than activity of mice fed ad libitum although body weight decreased. This
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might be due to the lack of running wheels which might stimulate activity or because of the
low mean weight of the mice, possibly leading to fatigue quickly because of low energy stores.
Still, as described in 12.3.2, at the end of the light phase of days 4 to 6 locomotor activity
was significantly higher in food-restricted mice than in mice fed ad libitum. This might be
interpreted as food-anticipating activity. Administration of JNJ to food-restricted mice on day
5 did not cause significant changes in feeding, drinking, ambulatory or exploratory behaviour in
the hours after injection compared to VEH-injected mice. If any, JNJ has a slight depressant
effect on locomotor activity in this case. It might be that a higher dosage of JNJ will show
clearer results in activity-based anorexia. As mentioned before, effects of JNJ might mainly
depend on the stress level. In this case, the stress level of the mice was probably very high,
while the dosage of JNJ might have been too low.

Taking everything into consideration, a significant positive but short-lasting effect of JNJ
on food intake in a dosage of 10 mg/kg could be detected. The finding that any effects of JNJ
are modulated by stress (Shoblock et al., 2010) needs to be taken into account in the further
study of JNJ. In AN for example, the hypothalamic-pituitary-adrenal (HPA) axis is hyperactive
displaying high cerebrospinal fluid levels of CRF, normal ACTH levels and high cortisol levels,
which is similar under conditions of stress (Casper, 2006). To confirm or falsify an effect of
JNJ on food intake, several doses of JNJ given over a prolonged period of time need to be
investigated. To elucidate the connection between effects of JNJ and stress, it would be useful
to measure parameters of stress, such as CRF or corticosterone. The effects of JNJ under
activity-stress conditions should also be further elucidated. First of all, a range of JNJ doses
in diet-restricted mice needs to be examined. Secondly, although diet-restricted mice actually
displayed hyperactivity at times when no food was available, the lack of running wheels might
have been a limiting factor. If JNJ would prove to reduce activity while increasing food intake,

it could actually be a useful drug for AN in the future.
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