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Summary

Appetite is often reduced in patients with chronic illness, including cancer. Cancer
anorexia, loss of appetite, frequently co-exists with cachexia, and the combined clinical
picture is known as anorexia-cachexia syndrome. In patients suffering from this syndrome,
anorexia considerably contributes to the progression of cachexia, and strongly impinges
on quality of life. Inflammatory processes in the hypothalamus are considered to play a

crucial role in the development of disease-related anorexia.

The main aim of this thesis was to further elucidate crucial processes involved in the
pathogenesis of anorexia in cancer. To investigate mechanisms specifically involved in
cancer anorexia, we used two tumour mouse models with opposing food intake behaviours:
a C26-colon adenocarcinoma model with increased food intake and a Lewis lung
carcinoma model with decreased food intake. In both models, tumour-induced cachexia
(body wasting) was strongly present. The contrast in food intake behaviour between
tumour-bearing (TB) mice in response to growth of the two different tumours was used

to distinguish processes involved in cachexia from those specifically involved in anorexia.

The hypothalamus was used for transcriptomic analysis (Affymetrix chips). We found
expression of genes involved in serotonin signalling in the hypothalamus to be differentially
regulated between the two tumour models. Furthermore, transcriptional activity of genes
involved in serotonin signalling were inversely associated with food intake behaviour.
Surprisingly, we also found a strong increase in gene expression of NPY and AgRP, potent
orexigenic neuropeptides, in both models, meaning that their expression did not reflect
food intake behaviour. However, NPY has also been described to regulate energy storage.
Therefore, we hypothesized that this upregulation of NPY/AgRP corresponded to weight

loss, which was severe in both tumour models.

Using hypothalamic cell lines we further explored how serotonin might act on food
intake regulatory pathways. We showed that serotonin was able to inhibit neuronal NPY
secretion, while not affecting gene expression. Inflammatory markers IL-6 and TNFa were
also measured in plasma and it was found that C26 TB mice had a lower inflammatory
response than LL TB mice. These differences in inflammatory response could be implicated
in the differences in feeding behaviour and serotonin signalling between C26 and LL TB
mice. We therefore investigated the direct influence of inflammation on hypothalamic

serotonin turnover and its contribution to the development of anorexia. To this end,



different doses of TNF and IL-6 were administered by injection to healthy mice, inducing
an acute inflammatory response. The injected cytokine doses were estimated from their
corresponding plasma levels measured in tumour bearing (TB) mice. Also in this cytokine
induced-anorexia model, where anorexia was exclusively induced by an inflammatory
response, serotonin metabolism in the hypothalamus was affected. Both TNF and IL-6
increased hypothalamic serotonin turnover while also inducing anorectic behaviour.
Furthermore, the effect of cytokines on increasing serotonin turnover was supported by

in vitro experiments with hypothalamic neuronal cell lines.

In conclusion, we identified hypothalamic serotonin signalling to play a major role in
the decrease in food intake during cancer. Serotonin signalling itself is modulated by
inflammatory mediators. Therefore, hypothalamic inflammation is an important trigger
in the failure of hypothalamic food-intake regulation, probably by affecting serotonergic
signalling, which acts as an upstream modulator of various orexigenic and anorexigenic

systems.
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Chapter 1 ‘ General introduction

Cancer anorexia

Anorexia, literally meaning loss of appetite, in general refers to a condition in which
an organism decreases food-intake or even refuses food. Although most people will
initially link the term anorexia to the psychological eating disorder anorexia nervosa, it
is also considered a common process connected to illness. Anorexia as a consequence

of disease is often occuring in patients with cancer.

Different studies indicate an incidence of anorexia in cancer patients from 60-80%,
depending on the type and stage of cancer. In these patients, anorexia considerably
contributes to the progression of the disease and strongly impinges on quality of life [1-
4].Itis still regarded an unmet medical need and current treatments, typically involving
corticosteroids and progestagenic steroids, generally improve appetite in less than 30% of
the cases [5]. In cancer anorexia, the loss of desire to eat is caused by pathophysiological
changes in response to tumour growth and thus also common in patients not receiving
chemotherapy [6]. Patients with incurable tumours and near the end of their life, but
also newly diagnosed cancer patients often report to experience problems with reduced
appetite and involuntary weight loss [3, 7]. Furthermore, anorexia is a strong prognostic
factor for reduced survival of cancer patients, even in patients who do not suffer from
weight loss [8]. Reports show that cancer patients with a healthy appetite and higher
caloric intake have higher survival rates than patients who suffer from anorexia and
have a lower energy intake [9, 10]. Anorexia also affects the psychological well-being of
the patient. Cancer patients mention anorexia as one of the most prevalent symptoms
during disease and often psychologically associate the lack of appetite with disease
progression and suffering [11]. On top of that, not eating well and the rejection of food
prepared by caring family is a burden for both the patient and his/her family, strongly
affecting mental health of both patients as well as their caregivers [12-14].

Anorexia and cachexia: two pathologies, one syndrome?

In a majority of cancer patients, anorexia leads to a reduced food intake [15] and
significantly contributes to progression of cachexia [16]. Cachexia is a complex metabolic
syndrome associated with underlying illness and is characterized by progressive loss of
muscle (muscle wasting) with or without loss of fat mass. This results in weight loss, a

reduced quality of life and a shortened survival time [17, 18]. Cachexia is observed in



80% of patients with advanced-stage cancer, and it is estimated to be directly responsible
for more than 20% of deaths in cancer [19, 20]. Unfortunately, counteracting body
wasting by merely providing nutritional support often fails [21]. At the same time
nutritional support can still improve quality of life [22, 23], meaning that nutrition
can be a valuable intervention in cancer patients. Cachexia represents an important
target in disease management of cancer patients, because it is associated with reduced
effectiveness of anti-neoplastic surgery and other anti-cancer treatments, increased risk
of therapy-induced side effects, reduced muscle function and physical performance,
extended hospital stay, increased postoperative complications and increased infection
rates. Most of these complications can be directly correlated to increased morbidity and
a reduced quality of life [24-32]. In 2006, anorexia was included as a crucial feature in
the framework of factors defining the clinical features of cachexia [33], due to the close
entanglement of cachexia and anorexia clinically. Although anorexia and cachexia are
likely to be initiated by similar pathologies (underlying illness), it is unclear to what
extent anorexia and the metabolic alterations of cachexia affect each other, or to what
extent these are distinct entities with their own pathology. Furthermore, food intake
is an outcome of various physiological and behavioural processes controlling hunger,
satiety and reward systems, making it hard to pinpoint specific causes, as these are

highly dependent on the type and stage of the associated disease.

Inflammation is considered to play a pivotal role in the manifestation of both cachexia
and anorexia. High concentrations of the prominent pro-inflammatory cytokines IL-1p,
IL-6 and TNFa are reported to decrease food intake and to induce features of cachexia
[34, 35]. Therefore, the presence of anorexia is not only limited to cancer patients, but
also commonly manifested in patients with other chronic illnesses, including acquired
immune deficiency syndrome (AIDS) [36], chronic obstructive pulmonary disease
(COPD) [37] and chronic heart failure [38].

Role of the hypothalamus in food intake

The hypothalamus is considered to be essential in the integration of metabolic and
neuronal signals on energy balance. In cancer, an ongoing elevated inflammatory tone in
the hypothalamus is suggested to underlie the onset of anorexia during disease. Here, the

hypothalamus appears to be unable to respond adequately to pivotal peripheral signals
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involved in appetite regulation [4, 6, 39]. This is particularly relevant when cachexia is
also present, which generally demand for an increased energy intake to compensate for
increased body weight loss. The hypothalamus displays the highest density of various
cytokines receptors in the brain [40], underlying its role in mediating effects of pro-
inflammatory cytokines. The hypothalamus contains specific areas that control feeding
behaviour with the arcuate nucleus (ARC) being one of the best-characterized regions
related to feeding behaviour. This is largely due to its ability to sense peripheral input
from its adjacent median eminence. The ARC comprises two neuronal populations with
opposing functions on food intake: orexigenic (food intake stimulating) NPY/AgRP,
and anorexigenic (food intake inhibiting) POMC/CART neurons [41]. Inflammatory
mediators, including TNF and IL-6, cytokines that are commonly elevated in chronic
illness, have been shown to interact with neurons dominating these nuclei. Furthermore
hypothalamic neurons release various neurotransmitters, including dopamine and
serotonin, which are considered to play a role in reward and satiation respectively.
Several studies indicate that elevation of hypothalamic serotonin plays a role in the

onset of disease-associated anorexia [42-44].

Serotonin in the brain

Serotonin is a common and important mono-amine neurotransmitter and hormone. The
body’s largest pool resides in the gut, where it plays a role in regulating gastrointestinal
tract functioning. In the CNS, serotonin acts as a neurotransmitter and is involved
in several behavioural and physiological processes, including food intake regulation
[45]. Serotonin is synthesized from the amino acid tryptophan (TRP). Tryptophan
has to compete with other branched-chain amino acids (BCAA) at the blood brain
barrier (BBB) in order to enter the hypothalamus. Therefore, the ratio of TRP/BCAA
is assumed to reflect brain TRP and ultimately serotonin brain status [46, 47]. In cancer
patients, limiting TRP transportation to the brain by supplementation of competing
brain chained amino-acids (BCAAs) [48] or inhibiting the activity of serotonin at the
5HT3 receptor has shown to be beneficial for enjoyment of food in anorectic cancer
patients [49]. Recent findings on cytokine actions on NPY/AgRP and POMC/CART

neurons and their effects on food intake are discussed in chapter 2.



Outline of thesis

The main aim of this research presented in this thesis was to further elucidate crucial
processes involved in the pathogenesis of anorexia in cancer. The presence of an
elevated inflammatory tone reaching the hypothalamus as an underlying cause for

the development of anorexia during cancer was taken as an important starting point.

In chapter 2, we discussed the changes that occur on hypothalamic food-intake
regulators and serotonin in chronic inflammation. Cancer has also other consequences
besides alteration in food intake, including the development of cachexia. In chapter
3 and 4 we used two different tumour models to investigate mechanisms involved
in cancer anorexia. In these models, tumour-induced cachexia (body wasting) was
strongly present, but different responses in food intake occurred. This contrast in food
intake behaviour was used to distinguish between processes involved in cachexia and
mechanisms that might be important in food intake regulation. Using transcriptomics,
many genes related to food intake behaviour could be studied. In chapter 2, using
transcriptomics analysis, we found serotonin signalling to be among the most
significantly altered canonical signalling pathways in the hypothalamus. Therefore, we
focused on the role of serotonin in food intake. We reported that differences in food
intake are inversely associated with hypothalamic serotonin. We also found that the
potent orexigenic regulators NPY and AgRP were among the highest altered genes in
both tumour models. However, this expression of NPY and AgRP did not reflect food
intake status. In conditions of severe cachexia, it is likely that gene expression of NPY
and AgRP responds to cachectic processes that ultimately result in severe body wasting.
Furthermore, in chapter 4, we showed that serotonin has an inhibiting action on neuronal
NPY release, supporting serotonin’s modulatory role on food intake regulation. To
exclude the influences from cachectic processes (e.g. in the muscle and fat tissue) in
cancer on the development of anorexia and changes on hypothalamic serotonin and
NPY/AgRP regulation, we focused on the specific influence of inflammatory mediators.
In chapter 5, we investigated the anorexigenic effects of inflammatory mediators TNF
and IL-6 and their effects on serotonin metabolism in the hypothalamus. We showed
that systemic inflammation leads to elevated serotonin turnover in the hypothalamus.

Finally, chapter 6 presents the general discussion and overall conclusions.
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Abstract

Anorexia is a common symptom in chronic illness. It contributes to malnutrition and
strongly affects survival and quality of life. A common denominator of many chronic
diseases is an elevated inflammatory status, which is considered to play a pivotal role
in the failure of food-intake regulating systems in the hypothalamus. In this review, we
summarize findings on the role of hypothalamic inflammation on food intake regulation
involving hypothalamic neuropeptide Y (NPY) and pro-opiomelanocortin (POMC).
Furthermore, we outline the role of serotonin in the inability of these peptide based
food-intake regulating systems to respond and adapt to changes in energy metabolism

during chronic disease.



Introduction

In many chronic illnesses including cancer, chronic obstructive pulmonary disease
(COPD) and acquired immune deficiency syndrome (AIDS), an ongoing elevated
systemic inflammatory status plays a pivotal role in both increased energy expenditure as
well as a dysregulation of food intake. As a consequence, increased loss of lean body mass

is often accompanied by decreased food intake, ultimately leading to severe malnutrition.

The hypothalamus is important for several metabolic processes including energy
homeostasis. It acts as an integrator of metabolic and neuronal signals on energy balance,
and regulates the balance between energy expenditure and energy intake. In conditions
of increased energy requirements, hypothalamic adaptation generally results in increased
food intake, which is for example seen in athletes or persons on incremental exercise
training [1, 2] or in individuals residing in a cold environment [1, 3, 4]. However, in
conditions where increased energy expenditure is accompanied by the presence of
chronic inflammation the hypothalamus is not able to respond adequately to changes in
energy balance [5]. Here, this elevated inflammatory status causes loss of body weight,
attributed to muscle wasting and increased white adipose tissue lipolysis. On top of that,
a loss of appetite beyond a level needed to compensate for increased energy demands
is commonly seen, resulting in reduced food intake. This apparent failure of orexigenic
(food intake-stimulating) systems of the hypothalamus to respond to peripheral triggers
suggests the presence of some form of resistance [5]. This hypothalamic resistance
to peripheral neuro-endocrine starvation signals is believed to be directly caused by
an increased inflammatory status [5]. Increased plasma levels of pro-inflammatory
cytokines are associated with disease progression in a variety of cachectic conditions
including cancer [6-8], HIV [9], heart failure [10, 11] and COPD [12].

In experimental models, administration of IL-6, TNFa and IL-1( [13, 14] directly reduces
food intake by affecting pivotal food-intake regulating systems in the hypothalamus.
At the same time, blocking the action of these cytokines in the presence of underlying
disease such as cancer cachexia-anorexia [15-18] or HIV [19] only results in a partial,
though significant, reversal of anorexia- cachexia. These studies underline that even
though these cytokines are crucial in the pathogenesis of anorexia, their actions and
also their interplay with other factors such as anti-inflammatory cytokines [20] are still

dependent on the underlying illness via other mechanisms.
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In this review we will focus on current insights on the role of hypothalamic inflammation
in the reduced food intake during inflammatory conditions. In particular, changes which
inflammatory mediators can have on two pivotal food intake regulating systems: 1)
Neuropeptide Y (NPY)/Agouti-related peptide (AgRP) and 2) pro-opiomelanocortin
(POMC)/Cocaine and amphetamine regulated transcript (CART) will be discussed.
It is still unknown how cytokines are able to induce alterations in these systems. The
role of serotonin will also be studied in this respect, since serotonin is able to modulate
food-intake regulatory systems in chronic inflammatory conditions and able to directly
influence food intake. In this review, we explored recent literature to investigate the
hypothesis that inflammation alters NPY/AgRP-and POMC/CART-regulated food

intake via modulation of serotonergic signalling pathways.

Hypothalamic inflammation

Food intake is an outcome of various physiological and behavioural processes controlling
hunger, satiety and reward systems of which many originate in the hypothalamus.
The hypothalamus consists of a tightly interconnected network of diverse neuronal
populations, among them the arcuate nucleus (ARC) and the paraventricular nucleus
(PVN). Even though the exact role of the distinct neuronal populations in the complex
network of processes is not entirely clear, the observation of dense neuronal projections
from the ARC into the PVN [21, 22], provides anatomical substrate for the ARC-PVN
axis. This ARC-PVN axis is widely studied in the regulation of food intake behaviour
in response to a negative energy balance [23-25]. In relation to this, the ARC-PVN axis
is involved in different physiological processes, while interacting with several other
neuronal populations. In the present review, we will primarily focus on this ARC-PVN
axis in relation to the effect of neural inflammation and food intake. The hypothesis
that the hypothalamus plays a crucial role in both reduced food intake and cachectic
body wasting is supported by a combination of findings. Firstly, neuroinflammation and
disturbed hypothalamic signalling is present in cachectic chronic diseases such as cancer
[5], HIV [26, 27], COPD [28] and heart failure [29, 30]. Secondly, the hypothalamus
has the highest density of receptors for these pro-inflammatory cytokines in the brain
[31]. This inflammatory response in the hypothalamic area can be a consequence of
elevated plasma cytokines entering the brain, as several cytokines are able to cross the
BBB including TNFa [32] , IL-6 [33] and IL-1a [34, 35]and IL-1P [36]. In addition,



hypothalamic neurons from the ARC are able to sense systemic circulating factors,
including cytokines, and peripheral hormones like leptin and insulin from the adjacent
median eminence (ME), which is not protected by the blood-brain barrier. In conditions
of food deprivation, permeability and fenestration of microvessels from the ME are
increased. This results in an enhanced access of circulating factors entering this region
and reaching ARC neurons [37]. In this way ARC neurons might be able to sense
peripheral triggers and to project these signals to other neuronal populations including
the PVN [38-40]. Subsequently, this response might lead to de novo production of
cytokines within the hypothalamus itself. For IL-1f [41], TNFa and I1-6 [42], such de
novo synthesis in the hypothalamus has been shown after lipopolysaccharide (LPS)
injection in rodents, suggesting that the hypothalamus is both a receiver and an amplifier
of the peripheral cytokine signals. Indeed, activation of hypothalamic microglial
and astrocyte cells, macrophage-like cells of the central nervous system, appears to
be a common phenomenon in chronic inflammatory diseases including myocardial
infarction [43], obesity [44] and HIV [45]. Finally, also the vagus nerve is likely to play
a role in cytokine signalling to the brain. Vagotomy partially attenuates LPS-induced
increases in IL-1P expression in murine hypothalamus, while not affecting elevated
IL-1B plasma levels [46]. In summary, inflammatory signals reach the hypothalamus
by different routes apparently dependent on the type of inflammatory mediator, the

hosts’ specifics and the underlying disease.

Hypothalamic inflammation: Orexigenic signalling

The arcuate nucleus (ARC) includes two important populations of neurons: orexigenic
NPY/AgRP and anorexigenic POMC/CART neurons. NPY and POMC neuronal
populations have opposing effects on food intake. Furthermore, they are oppositely
regulated by peripheral triggers including insulin [47], gut hormones including glucagon
like peptide-1 (GLP-1) [48] and peptide YY (PYY) [49], and leptin [50]. This is for
example indicated by the fall in leptin levels during energy deficit, a condition that
generally drives an increase of food intake [51-53]. Subsequently, this drop in leptin
levels attenuates the activation of POMC neurons and allows the activation of NPY
signalling [47], actions both in favour of stimulation of food intake. This stimulation of
food intake during energy deficit is also supported by an increase in gut-derived ghrelin

[54, 55]. Ghrelin is a potent stimulator of food intake [56] and acts via activation of
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ARC NPY [57]. Elevated levels of orexigenic ghrelin have been measured in various
chronic cachectic conditions including cancer, COPD and chronic heart failure
[58-62]. The ability of ghrelin to initiate and stimulate food intake is contradictive
to the high occurrence of anorexia in these diseases, suggesting the occurrence of
hypothalamic resistance to ghrelin [63, 64]. This elevation of orexigenic ghrelin might be
a compensatory response to negative energy balance in these patients. Furthermore it is
likely that this elevation of ghrelin is an attempt to suppress inflammation, as ghrelin has
strong anti-inflammatory actions by inhibiting pro-inflammatory cytokines, augmenting
anti-inflammatory cytokines [65, 66] and reducing hypothalamic glial activation [67].
Furthermore, administration of ghrelin showed to be beneficial in fasting or high-fat

diet induced inflammation [68, 69].

Orexigenic neuropeptide AgRP is exclusively located in the ARC [70, 71], while NPY is
abundant throughout the entire mammalian brain, with the highest expression of NPY
synthesizing neurons located in the ARC [72]. In contrast, NPY release is found to be
highest in the PVN [73], supporting the importance of the ARC-PVN axis in NPY and
food intake signalling [74].

NPY is strongly activated during states of negative energy balance. In these conditions,
itis atleast partly responsible for hyperphagia to compensate energy deficits as reported
for food restriction [75], food deprivation [76], exercise [77, 78], lactation [79] and
insulin-dependent diabetes [80]. Therefore, NPY is considered a crucial sensor of
peripheral signals of energy deficit, and in particular decreases in leptin and insulin
plasma levels [52, 53] and increased plasma glucocorticoid levels [81]. Subsequently,
NPY can regulate energy balance by altering food intake during energy deficit through
its release from ARC projections into the PVN, Dorsomedial hypothalamic nucleus
(DMH) and Lateral hypothalamus (LHA) [82] (Figure 2.1).

In experimental models for acute inflammation, such as LPS- or TNFa-induced
anorexia, hypothalamic NPY expression is decreased (Figure 2.1), corresponding to the
observed decrease in food-intake [15, 83, 84]. More importantly, administration of NPY
or blocking the induced inflammatory response in these animal models prevents the
development of anorexia [15, 85]. These data suggest that NPY release is necessary to
adapt food intake to changes in energy expenditure. Paradoxically, hypothalamic NPY
gene expression is reported to be increased in animal models for chronic inflammatory

diseases that are characterized by the presence of cachexia, such as cancer cachexia
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Figure 2.1 Hypothesis on the role of serotonin in inflammation-induced reduction of food intake in
chronicillness.

Diagram showing how inflammation may alter both orexigenic peptide signalling and anorexigenic
signalling in the hypothalamus. Chronic illness is often associated with body wasting (loss of muscle
and fat tissue). This negative energy balance usually drives upregulation of orexigenic messenger NPY/
AgRP. Serotonin is also elevated in chronic inflammatory illness. This elevation can interfere with NPY
and AgRP post-transcriptionally and at the same time can stimulate melanocortin signalling. In this
way, serotonin can interfere with orexigenic signalling and stimulate anorexigenic signalling in the
hypothalamus and ultimately play a role in disease-induced reduction of food intake.

and arthritis [86-91]. However, this increase in mRNA levels did not correspond to
the decrease in food intake [87, 89, 91-93] (Figure 2.1). In contrast, in these models
NPY levels and NPY release are either unchanged [87] or decreased [94-96]. This
suggests that NPY signalling might be modulated at a post-transcriptional level in these
circumstances. Even though increased gene expression of NPY did not correspond to
food intake, it was associated with weight loss. Therefore, we hypothesize that gene
expression of NPY acts as a sensor to weight loss and that adequate translation and
release of NPY is subsequently necessary to adapt food intake to changes in energy
expenditure. Similar findings to those on NPY have been reported for AgRP: in both

acute and chronic inflammatory anorexia models, secretion of AgRP is reduced, while

Hypothalamic inflammation and food intake regulation H

25



Chapter 2

26

Hypothalamic inflammation and food intake regulation

gene expression of AgRP is increased [97] (Figure 2.1). In addition, hypothalamic
food-intake regulation in the anx/anx mouse, a genetic model for anorexia showed
that comprised signalling of NPY/AgRP is partly due to dysfunctional axonal transport
[98]. Similar to NPY, changes on AgRP are associated with weight loss and failure of
AgRP signalling is likely to occur post-transcriptionally. Altogether, these data indicate
that inflammatory mediators can affect NPY/AgRP gene expression and also act post-
transcriptionally, for example via impaired translation, synthesis, packaging or release

of NPY, ultimately altering food intake (Figure 2.1).

Hypothalamic inflammation: Anorexigenic signalling

Two anorexigenic peptides, POMC and CART, are both synthesized in the same ARC
neuronal population and are released into the PVN. POMC is a precursor for anorectic
alpha-melanocyte stimulating hormone (a-MSH), which is an endogenous agonist of
melanocortin receptor 3 and 4 (MC3R and MC4R). Interestingly, AgRP’s orexigenic

activity arises from its antagonistic activity on this MC4R receptor [99].

Acute inflammation leads to activation of POMC neurons [100], increased expression of
MC4R [101] and increased POMC expression [102, 103] as shown in models of LPS and
IL-1f -induced anorexia. Consequently, counteracting the activation of the melanocortin
system by MC4R antagonism prevented the development of LPS-induced anorexia [102,
104, 105]. In contrast to an acute immune response, during chronic inflammation such
as in cancer, hypothalamic POMC expression is decreased [90, 106]. These opposing
differences on POMC expression in acute and chronic inflammation might be explained
by changes in leptin plasma levels in these two conditions: LPS administration elevates
plasma leptin [107], while in diseases characterized by the presence of cachexia, plasma
leptin levels drop [108]. Nonetheless, in chronic inflammatory conditions such as cancer,
renal failure and heart failure, the use of AgRP or synthetic MC4R antagonists improved
food intake [109-112], but also increased POMC expression and thus possibly aMSH
[106]. In contrast, administration of aMSH or synthetic MC4R agonists, have also shown
to be beneficial in chronic inflammation including arthritis [113], inflammatory bowel
disease [114] and ischemic stroke [115]. This paradox in beneficial effects by both MC4R
agonists and antagonists in chronic inflammatory conditions might be explained by

another physiological function of the melanocortin systems next to their direct effect on



food intake, namely via their anti-inflammatory actions. Elevation of plasma a-MSH in
chronic inflammatory illnesses could suggest an adaptive response in order to control
inflammation [116-118]. Both MC4R antagonists [111, 119] and agonists [91, 115, 120,
121] act as anti-inflammatory peptides in experimental models for cancer, rheumatoid
arthritis and ischemic stroke either centrally of peripherally [122, 123]. These beneficial
suppressive effects of a-MSH on inflammation may occur via increasing circulating
anti-inflammatory cytokines [120]. In addition, a-MSH can inhibit pro-inflammatory
mediators [91, 115, 121]. In this way a-MSH, via modulation of inflammatory mediators,

can attenuate muscle wasting and progression of cachexia [91].

Altogether, it might be that aMSH’s actions on inflammation might be of greater
importance on cachexia and anorexia in chronic illness than its direct effects on
hypothalamic food-intake regulatory peptides such as POMC and NPY. Of course, the
actions of aMSH as a neurotransmitter may be entirely independent of its effects on the
immune system. As a consequence, targeting the melanocortin systems is a potential

therapeutic approach against cachexia and anorexia induced by inflammation.

Hypothalamic inflammation: serotonergic signalling

Hypothalamic serotonin is an important mediator in the regulation of satiety and
hunger and its levels are inversely associated with food intake [124, 125]. Hypothalamic
serotonin is suggested to act as an integrator of peripheral triggers modulating energy
balance, as it responds to changes in adipokines [126, 127] and gut-derived hormones
[128, 129] and subsequently mediates anorexigenic signalling. Therefore, elevated
hypothalamic serotonin levels are suggested to play a crucial role in the development
of disease-associated anorexia [5, 93, 95] (Figure 2.1). This increase in serotonin can be
caused by activation of proinflammatory cytokines, as these are able to directly affect
serotonin metabolism. Central administration of LPS, IL-1a, IL-1 or TNFa [130-132]
induces a rise of hypothalamic serotonin, serotonin’s metabolite 5-Hydroxyindoleacetic
acid (5-HIAA) and serotonin’s precursor tryptophan (TRP). These effects are likely to
be at least partly mediated by IL-1 [131]. Furthermore, blockade of 5HT2a and 5HT2c
receptors prevents the development of LPS-induced anorexia [133, 134], suggesting that
inflammation-induced anorexia is partly mediated by serotonin. Also during anorexia

induced by chronic inflammation, such as tumour-driven anorexia, serotonin in the
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hypothalamus [95, 135, 136] is elevated, further supporting the importance of serotonin
in reduced food intake during both acute and chronic inflammation. In humans,
increased levels of TRP, the precursor of serotonin, have been measured in cerebral
spinal fluid of anorectic cancer patients [137]. Also, limiting TRP transportation to the
brain by supplementation of competing branched chained amino-acids (BCAAs) or
antagonizing activity of serotonin at the 5HT3 receptor is beneficial for enjoyment of
food in anorectic cancer patients [138]. Serotonergic drugs are extensively investigated
for their use in eating disorders in both obesity as well as disease-induced anorexia.
Antagonizing serotonin’s activity has been shown to enhance appetite in cancer-cachectic
patients [139, 140]. Currently these serotonin antagonists are used to alleviate symptoms
of nausea, a symptoms strongly associated with anorexia [141], in cancer patients [142].
At the same time, serotonin agonists are used in treatment of hyperphagia in obesity
[124, 140, 141]. Collectively, these observations support the concept that inflammation
affects serotonergic activity in the hypothalamus and that serotonin plays an important

role in inflammation-induced anorexia.

Serotonin is able to affect food intake via the regulation of several neuronal systems in
the ARC. Firstly, serotonin is able to activate the anorexigenic melanocortin system.
Serotonergic drugs are used as therapy against obesity. They exert appetite-suppressive
effects by increasing the local availability of serotonin or, more specifically, stimulating
the 5SHT2C receptors [143]. Serotonin’s suppressive effect on food intake is reported to
be mediated by 5SHT2c and 5HT1b receptors on POMC neurons in the ARC [144-146].
Furthermore, the presence of functional MC4Rs, the downstream target of aMSH, is
crucial for this suppressive effect on food intake as well, suggesting a 5SHT2¢/POMC-
MCA4R circuit [147]. Secondly, serotonin is able to inhibit the orexigenic activity of
ghrelin [129, 148]. This process is likely to be mediated via activation of 5SHT2c¢ and
5HT1b receptors on ARC neurons [63, 149]. Vice versa, ghrelin is able to directly inhibit
serotonin release [66, 150, 151]. This inhibitory interplay between serotonin and gut-
derived ghrelin shows that serotonin may exert its anorectic effects via mechanisms
beyond its direct activation of appetite inhibiting neuronal activity [148]. Thirdly,
serotonin is able to inhibit orexigenic NPY signalling [95]. Increasing serotonergic
activity by the use of serotonin re-uptake inhibitors reduces hypothalamic NPY
[152, 153]. In addition, decreasing serotonin concentrations by inhibiting serotonin
synthesis results in increased NPY levels [154]. Furthermore, these effects of serotonin

on feeding and NPY levels are not apparently accomplished via affecting NPY gene



expression [154, 155]. Also in vitro, serotonin inhibits neuronal NPY secretion, while
not affecting NPY gene expression [93]. Therefore, serotonin appears to play an active

role in posttranscriptional failure of NPY in anorexia in chronic inflammation.

In summary, several lines of evidence indicate that serotonin mediates food intake
by acting as an upstream regulator mediating both anorexigenic and orexigenic
signalling. More importantly, serotonin is affected by inflammation and is associated
with inflammation-induced anorexia. Consequently, we postulate a neural circuit in
which serotonin plays a central role in the failure of food intake regulation taking place

during inflammation-induced anorexia (Figure 2.1).

Conclusion

Many chronic illnesses are associated with a pro-inflammatory state in the hypothalamic
area. This increased hypothalamic inflammatory status plays a crucial factor in
reduced food intake in these conditions, ultimately leading to severe malnutrition and
acceleration of disease. Pro-inflammatory cytokines affect both orexigenic NPY/AgRP
signalling and anorexigenic melanocortin signalling. Hypothalamic serotonin signalling
is elevated in disease-induced anorexia. Furthermore, serotonin is able to activate
the melanocortin system, and able to inhibit NPY signalling via post-transcriptional
regulation. Therefore, we hypothesize that serotonin-regulated mechanisms are playing
akey role in the reduction of food-intake during chronic inflammation. Consequently,
targeting serotonin signalling is a promising approach in preventing the development

of nutritional disorders in disease.

Acknowledgements
The research leading to these results has received funding from the European Union’s
Seventh Framework Programme for research, technological development and

demonstration under grant agreement n°266408 (Full4Health).

Conflict of interest

J. Dwarkasing, D.L Marks and R. Witkamp have nothing to declare. K. van Norren is

guest employee at Nutricia Research, a medical nutrition company.

Hypothalamic inflammation and food intake regulation H

29



Chapter 2 ‘ Hypothalamic inflammation and food intake regulation

30

References

1.

10.

11.

12.

13.

Shorten, A.L., K.E. Wallman, and K.J. Guelfi, Acute effect of environmental temperature during
exercise on subsequent energy intake in active men. Am J Clin Nutr, 2009. 90(5): p. 1215-21.

Whybrow, S., D.A. Hughes, P. Ritz, A.M. Johnstone, G.W. Horgan, N. King, J.E. Blundell, and
R.J. Stubbs, The effect of an incremental increase in exercise on appetite, eating behaviour and
energy balance in lean men and women feeding ad libitum. Br ] Nutr, 2008. 100(5): p. 1109-15.

White, L.J., R.H. Dressendorfer, E. Holland, S.C. McCoy, and M. A. Ferguson, Increased caloric
intake soon after exercise in cold water. Int ] Sport Nutr Exerc Metab, 2005. 15(1): p. 38-47.

Westerterp-Plantenga, M.S., W.D. van Marken Lichtenbelt, H. Strobbe, and P. Schrauwen,
Energy metabolism in humans at a lowered ambient temperature. Eur ] Clin Nutr, 2002. 56(4):
p. 288-96.

Laviano, A., A. Inui, M.M. Meguid, A. Molfino, C. Conte, and F. Rossi Fanelli, NPY and brain
monoamines in the pathogenesis of cancer anorexia. Nutrition, 2008. 24(9): p. 802-5.

Michalaki, V., K. Syrigos, P. Charles, and J. Waxman, Serum levels of IL-6 and TNF-alpha
correlate with clinicopathological features and patient survival in patients with prostate cancer.
Br J Cancer, 2004. 90(12): p. 2312-6.

Okada, S., T. Okusaka, H. Ishii, A. Kyogoku, M. Yoshimori, N. Kajimura, K. Yamaguchi, and T.
Kakizoe, Elevated serum interleukin-6 levels in patients with pancreatic cancer. Jpn ] Clin Oncol,
1998. 28(1): p. 12-5.

Andersson, B.A., E Lewin, . Lundgren, M. Nilsson, L.E. Rutqvist, S. Lofgren, and N. Laytragoon-
Lewin, Plasma tumor necrosis factor-alpha and C-reactive protein as biomarker for survival in
head and neck squamous cell carcinoma. ] Cancer Res Clin Oncol, 2014. 140(3): p. 515-9.

Roberts, L., J.A. Passmore, C. Williamson, E. Little, L.M. Bebell, K. Mlisana, W.A. Burgers, F.
van Loggerenberg, G. Walzl, J.E. Djoba Siawaya, Q.A. Karim, and S.S. Karim, Plasma cytokine
levels during acute HIV-1 infection predict HIV disease progression. AIDS, 2010. 24(6): p. 819-
31.

Rauchhaus, M., W. Doehner, D.P. Francis, C. Davos, M. Kemp, C. Liebenthal, J. Niebauer, J.
Hooper, H.D. Volk, A.J. Coats, and S.D. Anker, Plasma cytokine parameters and mortality in
patients with chronic heart failure. Circulation, 2000. 102(25): p. 3060-7.

Pan, J.P, T.Y. Liu, S.C. Chiang, Y.K. Lin, C.Y. Chou, W.L. Chan, and S.T. Lai, The value of plasma
levels of tumor necrosis factor-alpha and interleukin-6 in predicting the severity and prognosis in
patients with congestive heart failure. ] Chin Med Assoc, 2004. 67(5): p. 222-8.

Humbert, M., G. Monti, E. Brenot, O. Sitbon, A. Portier, L. Grangeot-Keros, P. Duroux, P.
Galanaud, G. Simonneau, and D. Emilie, Increased interleukin-1 and interleukin-6 serum
concentrations in severe primary pulmonary hypertension. Am J Respir Crit Care Med, 1995.
151(5): p. 1628-31.

Moldawer, L.L., C. Andersson, J. Gelin, and K.G. Lundholm, Regulation of food intake and
hepatic protein synthesis by recombinant-derived cytokines. Am ] Physiol, 1988. 254(3 Pt 1): p.
G450-6.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Schobitz, B., G. Pezeshki, T. Pohl, U. Hemmann, P.C. Heinrich, F. Holsboer, and J.M. Reul,
Soluble interleukin-6 (IL-6) receptor augments central effects of IL-6 in vivo. FASEB ], 1995. 9(8):
p. 659-64.

Arruda, A.P, M. Milanski, T. Romanatto, C. Solon, A. Coope, L.C. Alberici, W.T. Festuccia, S.M.
Hirabara, E. Ropelle, R. Curi, ].B. Carvalheira, A.E. Vercesi, and L.A. Velloso, Hypothalamic
actions of tumor necrosis factor alpha provide the thermogenic core for the wastage syndrome in
cachexia. Endocrinology, 2010. 151(2): p. 683-94.

Strassmann, G., M. Fong, J.S. Kenney, and C.O. Jacob, Evidence for the involvement of interleukin
6 in experimental cancer cachexia. The Journal of clinical investigation, 1992. 89(5): p. 1681-4.

Fujimoto-Ouchi, K., S. Tamura, K. Mori, Y. Tanaka, and H. Ishitsuka, Establishment and
characterization of cachexia-inducing and -non-inducing clones of murine colon 26 carcinoma.
Int ] Cancer, 1995. 61(4): p. 522-8.

Gelin, J., L.L. Moldawer, C. Lonnroth, B. Sherry, R. Chizzonite, and K. Lundholm, Role of
endogenous tumor necrosis factor alpha and interleukin 1 for experimental tumor growth and
the development of cancer cachexia. Cancer Res, 1991. 51(1): p. 415-21.

Ting, P.T. and ].Y. Koo, Use of etanercept in human immunodeficiency virus (HIV) and acquired
immunodeficiency syndrome (AIDS) patients. Int ] Dermatol, 2006. 45(6): p. 689-92.

Argiles, .M., S. Busquets, and EJ. Lopez-Soriano, Anti-inflammatory therapies in cancer cachexia.
Eur J Pharmacol, 2011. 668 Suppl 1: p. S81-6.

Sawchenko, PE. and L.W. Swanson, The organization and biochemical specificity of afferent
projections to the paraventricular and supraoptic nuclei. Prog Brain Res, 1983. 60: p. 19-29.

Baker, R.A. and M. Herkenham, Arcuate nucleus neurons that project to the hypothalamic
paraventricular nucleus: neuropeptidergic identity and consequences of adrenalectomy on mRNA
levels in the rat. ] Comp Neurol, 1995. 358(4): p. 518-30.

Kalra, S.P, M.G. Dube, S. Pu, B. Xu, T.L. Horvath, and P.S. Kalra, Interacting appetite-regulating
pathways in the hypothalamic regulation of body weight. Endocr Rev, 1999. 20(1): p. 68-100.

Porte, D., Jr., R.J. Seeley, S.C. Woods, D.G. Baskin, D.P. Figlewicz, and M.W. Schwartz, Obesity,
diabetes and the central nervous system. Diabetologia, 1998. 41(8): p. 863-81.

Bell, M.E., S. Bhatnagar, S.F. Akana, S. Choi, and M.E Dallman, Disruption of arcuate/
paraventricular nucleus connections changes body energy balance and response to acute stress. |
Neurosci, 2000. 20(17): p. 6707-13.

Perrella, O., PB. Carrieri, D. Guarnaccia, and M. Soscia, Cerebrospinal fluid cytokines in AIDS
dementia complex. ] Neurol, 1992. 239(7): p. 387-8.

Hypothalamic inflammation and food intake regulation H

31



Chapter 2

32

Hypothalamic inflammation and food intake regulation

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Heaton, R.K,, D.R. Franklin, R.J. Ellis, ].A. McCutchan, S.L. Letendre, S. Leblanc, S.H. Corkran,
N.A. Duarte, D.B. Clifford, S.P. Woods, A.C. Collier, C.M. Marra, S. Morgello, M.R. Mindt, M.].
Taylor, T.D. Marcotte, J.H. Atkinson, T. Wolfson, B.B. Gelman, J.C. McArthur, D.M. Simpson,
I. Abramson, A. Gamst, C. Fennema-Notestine, T.L. Jernigan, J. Wong, I. Grant, C. Group, and
H. Group, HIV-associated neurocognitive disorders before and during the era of combination
antiretroviral therapy: differences in rates, nature, and predictors. ] Neurovirol, 2011. 17(1): p.
3-16.

Cai, C., H.Y. Zhang, ].J. Le, J.C. Dong, Y. Cui, C.Q. Xu, B.J. Liu, J.E Wu, X.H. Duan, and Y.X.
Cao, Inflammatory airway features and hypothalamic-pituitary-adrenal axis function in asthmatic
rats combined with chronic obstructive pulmonary disease. Chin Med J (Engl), 2010. 123(13):
p. 1720-6.

Kang, Y.M., Y. Wang, L.M. Yang, C. Elks, J. Cardinale, X.J. Yu, X.F. Zhao, ]. Zhang, L.H. Zhang,
Z.M. Yang, and J. Francis, TNF-alpha in hypothalamic paraventricular nucleus contributes to
sympathoexcitation in heart failure by modulating AT1 receptor and neurotransmitters. Tohoku
J Exp Med, 2010. 222(4): p. 251-63.

Kang, Y. M., Z.H. Zhang, R E. Johnson, Y. Yu, T. Beltz, A K. Johnson, R.M. Weiss, and R.B. Felder,
Novel effect of mineralocorticoid receptor antagonism to reduce proinflammatory cytokines and
hypothalamic activation in rats with ischemia-induced heart failure. Circ Res, 2006. 99(7): p.
758-66.

Hopkins, S.J. and N.J. Rothwell, Cytokines and the nervous system. I: Expression and recognition.
Trends Neurosci, 1995. 18(2): p. 83-8.

Gutierrez, E.G., W.A. Banks, and A.J. Kastin, Murine tumor necrosis factor alpha is transported
from blood to brain in the mouse. ] Neuroimmunol, 1993. 47(2): p. 169-76.

Banks, W.A., A.J. Kastin, and E.G. Gutierrez, Penetration of interleukin-6 across the murine
blood-brain barrier. Neurosci Lett, 1994. 179(1-2): p. 53-6.

Banks, W.A. and A.]. Kastin, Blood to brain transport of interleukin links the immune and central
nervous systems. Life Sci, 1991. 48(25): p. PL117-21.

Plotkin, S.R., W.A. Banks, and A.J. Kastin, Comparison of saturable transport and extracellular
pathways in the passage of interleukin-1 alpha across the blood-brain barrier. ] Neuroimmunol,
1996. 67(1): p. 41-7.

Banks, W.A,, L. Ortiz, S.R. Plotkin, and A.]. Kastin, Human interleukin (IL) 1 alpha, murine
IL-1 alpha and murine IL-1 beta are transported from blood to brain in the mouse by a shared
saturable mechanism. ] Pharmacol Exp Ther, 1991. 259(3): p. 988-96.

Langlet, F,, B.E. Levin, S. Luquet, M. Mazzone, A. Messina, A.A. Dunn-Meynell, E. Balland, A.
Lacombe, D. Mazur, P. Carmeliet, S.G. Bouret, V. Prevot, and B. Dehouck, Tanycytic VEGF-A
boosts blood-hypothalamus barrier plasticity and access of metabolic signals to the arcuate nucleus
in response to fasting. Cell Metab, 2013. 17(4): p. 607-17.

Peruzzo, B., EE. Pastor, ].L. Blazquez, K. Schobitz, B. Pelaez, P. Amat, and E.M. Rodriguez, A
second look at the barriers of the medial basal hypothalamus. Exp Brain Res, 2000. 132(1): p.
10-26.



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Broadwell, R.D. and M.W. Brightman, Entry of peroxidase into neurons of the central and
peripheral nervous systems from extracerebral and cerebral blood. ] Comp Neurol, 1976. 166(3):
p. 257-83.

Krisch, B. and H. Leonhardt, The functional and structural border of the neurohemal region of
the median eminence. Cell Tissue Res, 1978. 192(2): p. 327-39.

Wong, M.L., P.B. Bongiorno, V. Rettori, S.M. McCann, and J. Licinio, Interleukin (IL) 1beta, IL-1
receptor antagonist, IL-10, and IL-13 gene expression in the central nervous system and anterior
pituitary during systemic inflammation: pathophysiological implications. Proc Natl Acad Sci U
S A, 1997.94(1): p. 227-32.

Herman, A.P, A. Krawczynska, J. Bochenek, H. Antushevich, A. Herman, and D. Tomaszewska-
Zaremba, Peripheral injection of SB203580 inhibits the inflammatory-dependent synthesis of
proinflammatory cytokines in the hypothalamus. Biomed Res Int, 2014. 2014: p. 475152.

Rana, I., M. Stebbing, A. Kompa, D.J. Kelly, H. Krum, and E. Badoer, Microglia activation in
the hypothalamic PVN following myocardial infarction. Brain Res, 2010. 1326: p. 96-104.

Thaler, J.P,, C.X.Yi, E.A. Schur, S.J. Guyenet, B.H. Hwang, M.O. Dietrich, X. Zhao, D.A. Sarruf,
V. Izgur, K.R. Maravilla, H.T. Nguyen, ].D. Fischer, M.E. Matsen, B.E. Wisse, G.J. Morton, T.L.
Horvath, D.G. Baskin, M.H. Tschop, and M.W. Schwartz, Obesity is associated with hypothalamic
injury in rodents and humans. ] Clin Invest, 2012. 122(1): p. 153-62.

Ronaldson, P.T. and R. Bendayan, HIV-1 viral envelope glycoprotein gp120 triggers an
inflammatory response in cultured rat astrocytes and regulates the functional expression of
P-glycoprotein. Mol Pharmacol, 2006. 70(3): p. 1087-98.

Laye, S., RM. Bluthe, S. Kent, C. Combe, C. Medina, P. Parnet, K. Kelley, and R. Dantzer,
Subdiaphragmatic vagotomy blocks induction of IL-1 beta mRNA in mice brain in response to
peripheral LPS. Am ] Physiol, 1995. 268(5 Pt 2): p. R1327-31.

Varela, L. and T.L. Horvath, Leptin and insulin pathways in POMC and AgRP neurons that
modulate energy balance and glucose homeostasis. EMBO Rep, 2012. 13(12): p. 1079-86.

Secher, A.,J. Jelsing, A.F. Baquero, . Hecksher-Sorensen, M.A. Cowley, L.S. Dalboge, G. Hansen,
K.L. Grove, C. Pyke, K. Raun, L. Schaffer, M. Tang-Christensen, S. Verma, B.M. Witgen, N.
Vrang, and L. Bjerre Knudsen, The arcuate nucleus mediates GLP-1 receptor agonist liraglutide-
dependent weight loss. ] Clin Invest, 2014. 124(10): p. 4473-88.

Batterham, R.L., M.A. Cowley, C.J. Small, H. Herzog, M.A. Cohen, C.L. Dakin, A.M. Wren,
A.E. Brynes, M.J. Low, M.A. Ghatei, R.D. Cone, and S.R. Bloom, Gut hormone PYY(3-36)
physiologically inhibits food intake. Nature, 2002. 418(6898): p. 650-4.

Elias, C.E, C. Aschkenasi, C. Lee, J. Kelly, R.S. Ahima, C. Bjorbaek, J.S. Flier, C.B. Saper, and
J.K. Elmquist, Leptin differentially regulates NPY and POMC neurons projecting to the lateral
hypothalamic area. Neuron, 1999. 23(4): p. 775-86.

Weigle, D.S., P.B. Duell, W.E. Connor, R.A. Steiner, M.R. Soules, and J.L. Kuijper, Effect of
fasting, refeeding, and dietary fat restriction on plasma leptin levels. ] Clin Endocrinol Metab,
1997. 82(2): p. 561-5.

Hypothalamic inflammation and food intake regulation H

33



Chapter 2

34

Hypothalamic inflammation and food intake regulation

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Schwartz, M.W., A.J. Sipols, J.L. Marks, G. Sanacora, ].D. White, A. Scheurink, S.E. Kahn, D.G.
Baskin, S.C. Woods, D.P. Figlewicz, and et al., Inhibition of hypothalamic neuropeptide Y gene
expression by insulin. Endocrinology, 1992. 130(6): p. 3608-16.

Wang, J. and K.L. Leibowitz, Central insulin inhibits hypothalamic galanin and neuropeptide Y
gene expression and peptide release in intact rats. Brain Res, 1997. 777(1-2): p. 231-6.

Muller, A.E, S.W. Lamberts, J.A. Janssen, L.J. Hofland, P.V. Koetsveld, M. Bidlingmaier, C.].
Strasburger, E. Ghigo, and A.J. Van der Lely, Ghrelin drives GH secretion during fasting in man.
Eur J Endocrinol, 2002. 146(2): p. 203-7.

Tups, A., M. Helwig, R. M. Khorooshi, Z.A. Archer, M. Klingenspor, and J.G. Mercer, Circulating
ghrelin levels and central ghrelin receptor expression are elevated in response to food deprivation
in a seasonal mammal (Phodopus sungorus). ] Neuroendocrinol, 2004. 16(11): p. 922-8.

Cummings, D.E., ].Q. Purnell, R.S. Frayo, K. Schmidova, B.E. Wisse, and D.S. Weigle, A
preprandial rise in plasma ghrelin levels suggests a role in meal initiation in humans. Diabetes,
2001. 50(8): p. 1714-9.

Kohno, D. and T. Yada, Arcuate NPY neurons sense and integrate peripheral metabolic signals
to control feeding. Neuropeptides, 2012. 46(6): p. 315-9.

Aguilera, A., A. Cirugeda, R. Amair, G. Sansone, L. Alegre, R. Codoceo, M.A. Bajo, G. del Peso,
].J. Diez, J.A. Sanchez-Tomero, and R. Selgas, Ghrelin plasma levels and appetite in peritoneal
dialysis patients. Adv Perit Dial, 2004. 20: p. 194-9.

Shimizu, Y., N. Nagaya, T. Isobe, M. Imazu, H. Okumura, H. Hosoda, M. Kojima, K. Kangawa,
and N. Kohno, Increased plasma ghrelin level in lung cancer cachexia. Clin Cancer Res, 2003.
9(2): p. 774-8.

Kerem, M., Z. Ferahkose, U.T. Yilmaz, H. Pasaoglu, E. Ofluoglu, A. Bedirli, B. Salman, T.T.
Sahin, and M. Akin, Adipokines and ghrelin in gastric cancer cachexia. World ] Gastroenterol,
2008. 14(23): p- 3633-41.

Itoh, T., N. Nagaya, M. Yoshikawa, A. Fukuoka, H. Takenaka, Y. Shimizu, Y. Haruta, H. Oya, M.
Yamagishi, H. Hosoda, K. Kangawa, and H. Kimura, Elevated plasma ghrelin level in underweight
patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med, 2004. 170(8):
p. 879-82.

Nagaya, N., M. Uematsu, M. Kojima, Y. Date, M. Nakazato, H. Okumura, H. Hosoda, W.
Shimizu, M. Yamagishi, H. Oya, H. Koh, C. Yutani, and K. Kangawa, Elevated circulating level
of ghrelin in cachexia associated with chronic heart failure: relationships between ghrelin and
anabolic/catabolic factors. Circulation, 2001. 104(17): p. 2034-8.

Fujitsuka, N., A. Asakawa, Y. Uezono, K. Minami, T. Yamaguchi, A. Niijima, T. Yada, Y. Maejima,
U. Sedbazar, T. Sakai, T. Hattori, Y. Kase, and A. Inui, Potentiation of ghrelin signaling attenuates
cancer anorexia-cachexia and prolongs survival. Transl Psychiatry, 2011. 1: p. e23.

Akamizu, T. and K. Kangawa, Ghrelin for cachexia. ] Cachexia Sarcopenia Muscle, 2010. 1(2):
p. 169-176.



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Waseem, T., M. Duxbury, H. Ito, S.W. Ashley, and M.K. Robinson, Exogenous ghrelin modulates
release of pro-inflammatory and anti-inflammatory cytokines in LPS-stimulated macrophages
through distinct signaling pathways. Surgery, 2008. 143(3): p. 334-42.

Poretti, M.B., M. Rask-Andersen, P. Kumar, S. Rubiales de Barioglio, M. Fiol de Cuneo, H.B.
Schioth, and V.P. Carlini, Ghrelin effects expression of several genes associated with depression-
like behavior. Prog Neuropsychopharmacol Biol Psychiatry, 2015. 56: p. 227-34.

Garcia-Caceres, C., E. Fuente-Martin, F. Diaz, M. Granado, P. Argente-Arizon, L.M. Frago,
A. Freire-Regatillo, V. Barrios, J. Argente, and J.A. Chowen, The opposing effects of ghrelin on
hypothalamic and systemic inflammatory processes are modulated by its acylation status and
food intake in male rats. Endocrinology, 2014. 155(8): p. 2868-80.

Barazzoni, R., A. Semolic, M.R. Cattin, M. Zanetti, and G. Guarnieri, Acylated ghrelin limits
fat accumulation and improves redox state and inflammation markers in the liver of high-fat-fed
rats. Obesity (Silver Spring), 2014. 22(1): p. 170-7.

Stevanovic, D., V. Starcevic, U. Vilimanovich, D. Nesic, L. Vucicevic, M. Misirkic, K.
Janjetovic, E. Savic, D. Popadic, E. Sudar, D. Micic, M. Sumarac-Dumanovic, and V. Trajkovic,
Immunomodulatory actions of central ghrelin in diet-induced energy imbalance. Brain Behav
Immun, 2012. 26(1): p. 150-8.

Hahn, T.M., J.E. Breininger, D.G. Baskin, and M.W. Schwartz, Coexpression of Agrp and NPY
in fasting-activated hypothalamic neurons. Nat Neurosci, 1998. 1(4): p. 271-2.

Broberger, C., J. Johansen, C. Johansson, M. Schalling, and T. Hokfelt, The neuropeptide Y/agouti
gene-related protein (AGRP) brain circuitry in normal, anorectic, and monosodium glutamate-
treated mice. Proc Natl Acad Sci U S A, 1998. 95(25): p. 15043-8.

Morris, B.J., Neuronal localisation of neuropeptide Y gene expression in rat brain. ] Comp Neurol,
1989. 290(3): p. 358-68.

Allen, Y.S., T.E. Adrian, J.M. Allen, K. Tatemoto, T.J. Crow, S.R. Bloom, and J.M. Polak,
Neuropeptide Y distribution in the rat brain. Science, 1983. 221(4613): p. 877-9.

Dryden, S., L. Pickavance, H.M. Frankish, and G. Williams, Increased neuropeptide Y secretion
in the hypothalamic paraventricular nucleus of obese (fa/fa) Zucker rats. Brain Res, 1995. 690(2):
p. 185-8.

Brady, L.S., M.A. Smith, PW. Gold, and M. Herkenham, Altered expression of hypothalamic
neuropeptide mRNAs in food-restricted and food-deprived rats. Neuroendocrinology, 1990.
52(5): p. 441-7.

Yoshimura, M., M. Hagimoto, T. Matsuura, ]. Ohkubo, M. Ohno, T. Maruyama, T. Ishikura, H.
Hashimoto, T. Kakuma, H. Yoshimatsu, K. Terawaki, Y. Uezono, Y. Toyohira, N. Yanagihara,
and Y. Ueta, Effects of food deprivation on the hypothalamic feeding-regulating peptides gene
expressions in serotonin depleted rats. ] Physiol Sci, 2014. 64(2): p. 97-104.

Lewis, D.E., L. Shellard, D.G. Koeslag, D.E. Boer, H.D. McCarthy, P.E. McKibbin, J.C. Russell,
and G. Williams, Intense exercise and food restriction cause similar hypothalamic neuropeptide
Y increases in rats. Am J Physiol, 1993. 264(2 Pt 1): p. E279-84.

Hypothalamic inflammation and food intake regulation H

35



Chapter 2

36

Hypothalamic inflammation and food intake regulation

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Kawaguchi, M., K.A. Scott, T.H. Moran, and S. Bi, Dorsomedial hypothalamic corticotropin-
releasing factor mediation of exercise-induced anorexia. Am ] Physiol Regul Integr Comp Physiol,
2005. 288(6): p. R1800-5.

Cui, J.G., G.B. Tang, and D.H. Wang, Hypothalamic neuropeptides, not leptin sensitivity,
contributes to the hyperphagia in lactating Brandt’s voles, Lasiopodomys brandtii. ] Exp Biol,
2011. 214(Pt 13): p. 2242-7.

Sipols, A.J., D.G. Baskin, and M.W. Schwartz, Effect of intracerebroventricular insulin infusion
on diabetic hyperphagia and hypothalamic neuropeptide gene expression. Diabetes, 1995. 44(2):
p. 147-51.

Kim, E., S. Seo, H. Chung, and S. Park, Role of Glucocorticoids in Fasting-induced Changes in
Hypothalamic and Pituitary Components of the Growth Hormone (GH)-axis. Korean ] Physiol
Pharmacol, 2008. 12(5): p. 217-23.

King, PJ. and G. Williams, Role of ARC NPY neurons in energy homeostasis. Drug News Perspect,
1998. 11(7): p. 402-10.

Iwasa, T., T. Matsuzaki, R. Kinouchi, S. Fujisawa, M. Murakami, M. Kiyokawa, A. Kuwahara,
T. Yasui, and M. Irahara, Neonatal LPS injection alters the body weight regulation systems of rats
under non-stress and immune stress conditions. Int ] Dev Neurosci, 2010. 28(1): p. 119-24.

Sergeyev, V., C. Broberger, and T. Hokfelt, Effect of LPS administration on the expression of
POMC, NPY, galanin, CART and MCH mRNA:s in the rat hypothalamus. Brain Res Mol Brain
Res, 2001. 90(2): p. 93-100.

Kim, YW, K.H. Kim, D.K. Ahn, H.S. Kim, ].Y. Kim, D.C. Lee, and S.Y. Park, Time-course changes
of hormones and cytokines by lipopolysaccharide and its relation with anorexia. ] Physiol Sci,
2007. 57(3): p. 159-65.

Nara-ashizawa, N., T. Tsukada, K. Maruyama, Y. Akiyama, N. Kajimura, K. Nagasaki, T. Iwanaga,
and K. Yamaguchi, Hypothalamic appetite-regulating neuropeptide mRNA levels in cachectic
nude mice bearing human tumor cells. Metabolism, 2001. 50(10): p. 1213-9.

Chance, W.T,, C. Xiao, R. Dayal, and S. Sheriff, Alteration of NPY and Y1 receptor in dorsomedial
and ventromedial areas of hypothalamus in anorectic tumor-bearing rats. Peptides, 2007. 28(2):
p. 295-301.

Plata-Salaman, C.R., S.E. Ilyin, and D. Gayle, Brain cytokine mRNAs in anorectic rats bearing
prostate adenocarcinoma tumor cells. Am J Physiol, 1998. 275(2 Pt 2): p. R566-73.

Nara-ashizawa, N., T. Tsukada, K. Maruyama, Y. Akiyama, N. Kajimura, and K. Yamaguchi,
Response of hypothalamic NPY mRNAs to a negative energy balance is less sensitive in cachectic
mice bearing human tumor cells. Nutr Cancer, 2001. 41(1-2): p. 111-8.

Dwarkasing, J.T., M. van Dijk, EJ. Dijk, M.V. Boekschoten, J. Faber, .M. Argiles, A. Laviano,
M. Muller, R.E Witkamp, and K. van Norren, Hypothalamic food intake regulation in a cancer-
cachectic mouse model. ] Cachexia Sarcopenia Muscle, 2013. 5(2): p. 159-69.



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Gomez-SanMiguel, A.B., A.I. Martin, M.P. Nieto-Bona, C. Fernandez-Galaz, M. Lopez-
Menduina, M.A. Villanua, and A. Lopez-Calderon, Systemic alpha-melanocyte-stimulating
hormone administration decreases arthritis-induced anorexia and muscle wasting. Am ] Physiol
Regul Integr Comp Physiol, 2013. 304(10): p. R877-86.

Stofkova, A., B. Zelezna, M. Romzova, O. Ulicna, A. Kiss, M. Skurlova, and J. Jurcovicova, Effect
of feeding status on adjuvant arthritis severity, cachexia, and insulin sensitivity in male Lewis
rats. Mediators Inflamm, 2010. 2010.

Dwarkasing, J.T., M.V. Boekschoten, .M. Argiles, M. van Dijk, S. Busquets, F. Penna, M. Toledo,
A. Laviano, R.E. Witkamp, and K. van Norren, Differences in food intake of tumour-bearing
cachectic mice are associated with hypothalamic serotonin signalling. Journal of Cachexia,
Sarcopenia and Muscle, 2014, In Press.

McCarthy, H.D., PE. McKibbin, A.V. Perkins, E.A. Linton, and G. Williams, Alterations in
hypothalamic NPY and CRF in anorexic tumor-bearing rats. Am ] Physiol, 1993. 264(4 Pt 1):
p. E638-43.

Meguid, M.M., E.J. Ramos, A. Laviano, M. Varma, T. Sato, C. Chen, Y. Qi, and U.N. Das, Tumor
anorexia: effects on neuropeptide Y and monoamines in paraventricular nucleus. Peptides, 2004.
25(2): p. 261-6.

Makarenko, I.G., M.M. Meguid, L. Gatto, C. Chen, and M.V. Ugrumov, Decreased NPY
innervation of the hypothalamic nuclei in rats with cancer anorexia. Brain Res, 2003. 961(1): p.
100-8.

Scarlett, .M., X. Zhu, P.J. Enriori, D.D. Bowe, A.K. Batra, P.R. Levasseur, W.E. Grant, M.M.
Meguid, M.A. Cowley, and D.L. Marks, Regulation of agouti-related protein messenger ribonucleic
acid transcription and peptide secretion by acute and chronic inflammation. Endocrinology,
2008. 149(10): p. 4837-45.

Nilsson, I.A., S. Thams, C. Lindfors, A. Bergstrand, S. Cullheim, T. Hokfelt, and J.E. Johansen,
Evidence of hypothalamic degeneration in the anorectic anx/anx mouse. Glia, 2011. 59(1): p.
45-57.

Ellacott, K.L. and R.D. Cone, The role of the central melanocortin system in the regulation of
food intake and energy homeostasis: lessons from mouse models. Philos Trans R Soc Lond B Biol
Sci, 2006. 361(1471): p. 1265-74.

Scarlett, .M., E.E. Jobst, PJ. Enriori, D.D. Bowe, A.K. Batra, W.E. Grant, M.A. Cowley, and
D.L. Marks, Regulation of central melanocortin signaling by interleukin-1 beta. Endocrinology,

2007. 148(9): p. 4217-25.

Borges, B.C., R. Rorato, Y. Avraham, L.E. da Silva, M. Castro, L. Vorobiav, E. Berry, J. Antunes-
Rodrigues, and L.L. Elias, Leptin resistance and desensitization of hypophagia during prolonged
inflammatory challenge. Am ] Physiol Endocrinol Metab, 2011. 300(5): p. E858-69.

Jang, P.G., C. Namkoong, G.M. Kang, M.W. Hur, S.W. Kim, G.H. Kim, Y. Kang, M.]J. Jeon, E.H.
Kim, M.S. Lee, M. Karin, J.H. Baik, J.Y. Park, K.U. Lee, Y.B. Kim, and M.S. Kim, NF-kappaB
activation in hypothalamic pro-opiomelanocortin neurons is essential in illness- and leptin-induced
anorexia. ] Biol Chem, 2010. 285(13): p. 9706-15.

Hypothalamic inflammation and food intake regulation H

37



Chapter 2

38

Hypothalamic inflammation and food intake regulation

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Endo, M., T. Masaki, M. Seike, and H. Yoshimatsu, Involvement of stomach ghrelin and
hypothalamic neuropeptides in tumor necrosis factor-alpha-induced hypophagia in mice. Regul
Pept, 2007. 140(1-2): p. 94-100.

Sartin, J.L., D.L. Marks, C.D. McMahon, ].A. Daniel, P. Levasseur, C.G. Wagner, B.K. Whitlock,
and B.P. Steele, Central role of the melanocortin-4 receptors in appetite regulation after endotoxin.
J Anim Sci, 2008. 86(10): p. 2557-67.

Huang, Q.H., V.J. Hruby, and J.B. Tatro, Role of central melanocortins in endotoxin-induced
anorexia. Am ] Physiol, 1999. 276(3 Pt 2): p. R864-71.

Wisse, B.E., M.W. Schwartz, and D.E. Cummings, Melanocortin signaling and anorexia in
chronic disease states. Ann N'Y Acad Sci, 2003. 994: p. 275-81.

Grunfeld, C., C. Zhao, J. Fuller, A. Pollack, A. Moser, J. Friedman, and K.R. Feingold, Endotoxin
and cytokines induce expression of leptin, the ob gene product, in hamsters. ] Clin Invest, 1996.
97(9): p. 2152-7.

Lopez-Soriano, J., N. Carbo, L. Tessitore, EJ. Lopez-Soriano, and .M. Argiles, Leptin and tumor
growth in rats. Int ] Cancer, 1999. 81(5): p. 726-9.

Joppa, M.A., K.R. Gogas, A.C. Foster, and S. Markison, Central infusion of the melanocortin
receptor antagonist agouti-related peptide (AgRP(83-132)) prevents cachexia-related symptoms
induced by radiation and colon-26 tumors in mice. Peptides, 2007. 28(3): p. 636-42.

Weyermann, P,, R. Dallmann, J. Magyar, C. Anklin, M. Hufschmid, J. Dubach-Powell, I.
Courdier-Fruh, M. Hennebohle, S. Nordhoff, and C. Mondadori, Orally available selective
melanocortin-4 receptor antagonists stimulate food intake and reduce cancer-induced cachexia
in mice. PLoS One, 2009. 4(3): p. e4774.

Cheung, W.W,, H.J. Kuo, S. Markison, C. Chen, A.C. Foster, D.L. Marks, and R.H. Mak,
Peripheral administration of the melanocortin-4 receptor antagonist NBI-12i ameliorates uremia-
associated cachexia in mice. ] Am Soc Nephrol, 2007. 18(9): p. 2517-24.

Scarlett, J.M., D.D. Bowe, X. Zhu, A.K. Batra, W.E. Grant, and D.L. Marks, Genetic and
pharmacologic blockade of central melanocortin signaling attenuates cardiac cachexia in rodent
models of heart failure. ] Endocrinol, 2010. 206(1): p. 121-30.

Ceriani, G.,J. Diaz, S. Murphree, A. Catania, and J.M. Lipton, The neuropeptide alpha-melanocyte-
stimulating hormone inhibits experimental arthritis in rats. Neuroimmunomodulation, 1994.
1(1): p. 28-32.

Rajora, N., G. Boccoli, A. Catania, and J.M. Lipton, alpha-MSH modulates experimental
inflammatory bowel disease. Peptides, 1997. 18(3): p. 381-5.

Spaccapelo, L., A. Bitto, M. Galantucci, A. Ottani, N. Irrera, L. Minutoli, D. Altavilla, E.
Novellino, P. Grieco, D. Zaffe, F. Squadrito, D. Giuliani, and S. Guarini, Melanocortin MC(4)
receptor agonists counteract late inflammatory and apoptotic responses and improve neuronal
functionality after cerebral ischemia. Eur ] Pharmacol, 2011. 670(2-3): p. 479-86.



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Ghanem, G., J. Verstegen, S. De Rijcke, P. Hanson, A. Van Onderbergen, A. Libert, V. Del
Marmol, R. Arnould, A. Vercammen-Grandjean, and F. Lejeune, Studies on factors influencing
human plasma alpha-MSH. Anticancer Res, 1989. 9(6): p. 1691-6.

Catania, A., L. Airaghi, M.G. Manfredi, M.C. Vivirito, F. Milazzo, ].M. Lipton, and C. Zanussi,
Proopiomelanocortin-derived peptides and cytokines: relations in patients with acquired
immunodeficiency syndrome. Clin Immunol Immunopathol, 1993. 66(1): p. 73-9.

Catania, A., V. Gerloni, S. Procaccia, L. Airaghi, M.G. Manfredi, C. Lomater, L. Grossi, and
J.M. Lipton, The anticytokine neuropeptide alpha-melanocyte-stimulating hormone in synovial
fluid of patients with rheumatic diseases: comparisons with other anticytokine molecules.
Neuroimmunomodulation, 1994. 1(5): p. 321-8.

Cheung, W.W. and R.H. Mak, Melanocortin antagonism ameliorates muscle wasting and
inflammation in chronic kidney disease. Am ] Physiol Renal Physiol, 2012. 303(9): p. F1315-24.

Redondo, P., J. Garcia-Foncillas, I. Okroujnov, and E. Bandres, Alpha-MSH regulates
interleukin-10 expression by human keratinocytes. Arch Dermatol Res, 1998. 290(8): p. 425-8.

Montero-Melendez, T., H.B. Patel, M. Seed, S. Nielsen, T.E. Jonassen, and M. Perretti, The
melanocortin agonist AP214 exerts anti-inflammatory and proresolving properties. Am ] Pathol,
2011.179(1): p. 259-69.

Macaluso, A., D. McCoy, G. Ceriani, T. Watanabe, J. Biltz, A. Catania, and J.M. Lipton,
Antiinflammatory influences of alpha-MSH molecules: central neurogenic and peripheral actions.
J Neurosci, 1994. 14(4): p. 2377-82.

Ceriani, G., A. Macaluso, A. Catania, and J.M. Lipton, Central neurogenic antiinflammatory
action of alpha-MSH: modulation of peripheral inflammation induced by cytokines and other
mediators of inflammation. Neuroendocrinology, 1994. 59(2): p. 138-43.

Garfield, A.S. and L.K. Heisler, Pharmacological targeting of the serotonergic system for the
treatment of obesity. The Journal of physiology, 2009. 587(Pt 1): p. 49-60.

Lam, D.D,, A.S. Garfield, O.J. Marston, J. Shaw, and L.K. Heisler, Brain serotonin system in the
coordination of food intake and body weight. Pharmacol Biochem Behav, 2010. 97(1): p. 84-91.

Calapai, G., F. Corica, A. Corsonello, L. Sautebin, M. Di Rosa, G.M. Campo, M. Buemi, V.N.
Mauro, and A.P. Caputi, Leptin increases serotonin turnover by inhibition of brain nitric oxide
synthesis. ] Clin Invest, 1999. 104(7): p. 975-82.

Brunetti, L., G. Orlando, C. Ferrante, L. Recinella, S. Leone, A. Chiavaroli, C. Di Nisio, R.
Shohreh, F Manippa, A. Ricciuti, and M. Vacca, Peripheral chemerin administration modulates
hypothalamic control of feeding. Peptides, 2014. 51: p. 115-21.

Brunetti, L., G. Orlando, L. Recinella, S. Leone, C. Ferrante, A. Chiavaroli, E Lazzarin, and M.
Vacca, Glucagon-like peptide 1 (7-36) amide (GLP-1) and exendin-4 stimulate serotonin release
in rat hypothalamus. Peptides, 2008. 29(8): p. 1377-81.

Nonogaki, K., K. Ohashi-Nozue, and Y. Oka, A negative feedback system between brain serotonin
systems and plasma active ghrelin levels in mice. Biochem Biophys Res Commun, 2006. 341(3):
p. 703-7.

Hypothalamic inflammation and food intake regulation H

39



Chapter 2

40

Hypothalamic inflammation and food intake regulation

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Dunn, A.J., Endotoxin-induced activation of cerebral catecholamine and serotonin metabolism:
comparison with interleukin-1. ] Pharmacol Exp Ther, 1992. 261(3): p. 964-9.

MohanKumar, S.M., P.S. MohanKumar, and S.K. Quadri, Lipopolysaccharide-induced changes
in monoamines in specific areas of the brain: blockade by interleukin-1 receptor antagonist. Brain
Res, 1999. 824(2): p. 232-7.

Nolan, Y., T.]. Connor, J.P. Kelly, and B.E. Leonard, Lipopolysaccharide administration produces
time-dependent and region-specific alterations in tryptophan and tyrosine hydroxylase activities
in rat brain. ] Neural Transm, 2000. 107(12): p. 1393-401.

Asarian, L., B.S. Kopf, N. Geary, and W. Langhans, Pharmacological, but not genetic, disruptions
in 5-HT(2C) receptor function attenuate LPS anorexia in mice. Pharmacol Biochem Behav, 2007.
86(3): p. 493-8.

von Meyenburg, C., W. Langhans, and B.]. Hrupka, Evidence that the anorexia induced by
lipopolysaccharide is mediated by the 5-HT2C receptor. Pharmacol Biochem Behav, 2003. 74(2):
p. 505-12.

Ramos, E.J.,, S. Suzuki, M.M. Meguid, A. Laviano, T. Sato, C. Chen, and U. Das, Changes in
hypothalamic neuropeptide Y and monoaminergic system in tumor-bearing rats: pre- and post-
tumor resection and at death. Surgery, 2004. 136(2): p. 270-6.

Blaha, V,, Z.J. Yang, M.M. Meguid, J.K. Chai, A. Oler, and Z. Zadak, Ventromedial nucleus of
hypothalamus is related to the development of cancer-induced anorexia: in vivo microdialysis
study. Acta Medica (Hradec Kralove), 1998. 41(1): p. 3-11.

Cangiano, C., A. Cascino, E Ceci, A. Laviano, M. Mulieri, M. Muscaritoli, and F. Rossi-Fanelli,
Plasma and CSF tryptophan in cancer anorexia. ] Neural Transm Gen Sect, 1990. 81(3): p. 225-
33.

Cangiano, C., A. Laviano, M.M. Meguid, M. Mulieri, L. Conversano, I. Preziosa, and E. Rossi-
Fanelli, Effects of administration of oral branched-chain amino acids on anorexia and caloric
intake in cancer patients. ] Natl Cancer Inst, 1996. 88(8): p. 550-2.

Edelman, M.J., D.R. Gandara, EJ. Meyers, R. Ishii, M. O'Mahony, M. Uhrich, I. Lauder, J.
Houston, and D.W. Gietzen, Serotonergic blockade in the treatment of the cancer anorexia-
cachexia syndrome. Cancer, 1999. 86(4): p. 684-8.

Kardinal, C.G., C.L. Loprinzi, D.J. Schaid, A.C. Hass, A.M. Dose, L.M. Athmann, J.A. Mailliard,
G.W. McCormack, ].B. Gerstner, and M.E Schray, A controlled trial of cyproheptadine in cancer
patients with anorexia and/or cachexia. Cancer, 1990. 65(12): p. 2657-62.

Ross, D.D. and C.S. Alexander, Management of common symptoms in terminally ill patients:
Part I. Fatigue, anorexia, cachexia, nausea and vomiting. Am Fam Physician, 2001. 64(5): p.
807-14.

Yang, L.P. and L.J. Scott, Palonosetron: in the prevention of nausea and vomiting. Drugs, 2009.
69(16): p. 2257-78.

Witkamp, R.E,, Current and future drug targets in weight management. Pharm Res, 2011. 28(8):
p. 1792-818.



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Burke, L.K., B. Doslikova, G. D’Agostino, A.S. Garfield, G. Farooq, D. Burdakov, M.J. Low, M.
Rubinstein, M.L. Evans, B. Billups, and L.K. Heisler, 5-HT obesity medication efficacy via POMC
activation is maintained during aging. Endocrinology, 2014. 155(10): p. 3732-8.

Xu, Y., J.E. Jones, D. Kohno, K.W. Williams, C.E. Lee, M.]. Choi, J.G. Anderson, L.K. Heisler,
J.M. Zigman, B.B. Lowell, and J.K. Elmquist, 5-HT2CRs expressed by pro-opiomelanocortin
neurons regulate energy homeostasis. Neuron, 2008. 60(4): p. 582-9.

Doslikova, B., A.S. Garfield, J. Shaw, M.L. Evans, D. Burdakov, B. Billups, and L.K. Heisler,
5-HT2C receptor agonist anorectic efficacy potentiated by 5-HT1B receptor agonist coapplication:
an effect mediated via increased proportion of pro-opiomelanocortin neurons activated. ] Neurosci,
2013. 33(23): p. 9800-4.

Xu, Y., J.E. Jones, D.A. Lauzon, ].G. Anderson, N. Balthasar, L.K. Heisler, A.R. Zinn, B.B. Lowell,
and J.K. Elmquist, A serotonin and melanocortin circuit mediates D-fenfluramine anorexia. ]
Neurosci, 2010. 30(44): p. 14630-4.

Carlini, V.P, R.C. Gaydou, H.B. Schioth, and S.R. de Barioglio, Selective serotonin reuptake
inhibitor (fluoxetine) decreases the effects of ghrelin on memory retention and food intake. Regul
Pept, 2007. 140(1-2): p. 65-73.

Yamada, C., Y. Saegusa, K. Nakagawa, S. Ohnishi, S. Muto, M. Nahata, C. Sadakane, T. Hattori,
N. Sakamoto, and H. Takeda, Rikkunshito, a Japanese kampo medicine, ameliorates decreased
feeding behavior via ghrelin and serotonin 2B receptor signaling in a novelty stress murine model.
Biomed Res Int, 2013. 2013: p. 792940.

Brunetti, L., L. Recinella, G. Orlando, B. Michelotto, C. Di Nisio, and M. Vacca, Effects of
ghrelin and amylin on dopamine, norepinephrine and serotonin release in the hypothalamus.
Eur J Pharmacol, 2002. 454(2-3): p. 189-92.

Ghersi, M.S., S.M. Casas, C. Escudero, V.P. Carlini, F. Buteler, R.]J. Cabrera, H.B. Schioth, and
S.R. de Barioglio, Ghrelin inhibited serotonin release from hippocampal slices. Peptides, 2011.
32(11): p. 2367-71.

Shinozaki, T., M. Kimura, M. Hosoyamada, and T. Shibasaki, Fluvoxamine inhibits weight gain
and food intake in food restricted hyperphagic Wistar rats. Biol Pharm Bull, 2008. 31(12): p.
2250-4.

Dryden, S., H.M. Frankish, Q. Wang, L. Pickavance, and G. Williams, The serotonergic agent
fluoxetine reduces neuropeptide Y levels and neuropeptide Y secretion in the hypothalamus of
lean and obese rats. Neuroscience, 1996. 72(2): p. 557-66.

Dryden, S., H.M. Frankish, Q. Wang, and G. Williams, Increased feeding and neuropeptide Y
(NPY) but not NPY mRNA levels in the hypothalamus of the rat following central administration
of the serotonin synthesis inhibitor p-chlorophenylalanine. Brain Res, 1996. 724(2): p. 232-7.

Moon, Y.W.,, S.H. Choi, S.B. Yoo, ].H. Lee, and J.W. Jahng, 5-hydroxy-L-tryptophan Suppressed
Food Intake in Rats Despite an Increase in the Arcuate NPY Expression. Exp Neurobiol, 2010.
19(3): p. 132-9.

Hypothalamic inflammation and food intake regulation H

41






Hypothalamic food intake regulation in
a cancer-cachectic mouse model

J. T. Dwarkasing, M. van Dijk, F. J. Dijk, M. V. Boekschoten, J. Faber,
J. M. Argilés, A. Laviano, M. Mller, R. F. Witkamp, K. van Norren

J Cachexia Sarcopenia Muscle, 2014. 5(2): p. 159-69.



Chapter 3 ‘ Appetite regulators in a cancer cachectic mouse model

44

Abstract

Background: Appetite is frequently affected in cancer patients, leading to anorexia
and consequently insufficient food intake. In this study, we report on hypothalamic
gene expression profile of a cancer cachectic mouse model with increased food intake.
In this model, mice bearing C26 tumour have an increased food intake subsequently
to the loss of body weight. We hypothesize that in this model, food intake regulating
systems in the hypothalamus, which apparently fail in anorexia, are still able to adapt
adequately to changes in energy balance. Therefore studying changes that occur on
appetite regulators in the hypothalamus might reveal targets for treatment of cancer-
induced eating disorders. By applying transcriptomics, many appetite regulating systems
in the hypothalamus could be taken into account, providing an overview of changes

that occur in the hypothalamus during tumour growth.

Methods: C26-colon adenocarcinoma cells were subcutaneously inoculated in 6 weeks
old male CDF1 mice. Body weight and food intake were measured 3 times a week. On

day 20, hypothalamus was dissected and used for transcriptomics using Affymetrix chips.

Results: Food intake increased significantly in cachectic tumour-bearing mice (TB),
synchronously to the loss of body weight. Hypothalamic gene expression of orexigenic
neuropeptides NPY and AgRP was higher, whereas expression of anorexigenic genes
CCK and POMC were lower in TB compared to controls. In addition, serotonin and
dopamine signalling pathways were found to be significantly altered in TB mice.
Serotonin levels in brain showed to be lower in TB mice compared to control mice,
while dopamine levels did not change. Moreover, serotonin levels inversely correlated

with food intake.

Conclusions: Transcriptomic analysis of the hypothalamus of cachectic TB mice
with an increased food intake showed changes in NPY, AgRP and serotonin signalling.
Serotonin levels in the brain showed to correlate with changes in food intake. Further
research has to reveal whether targeting these systems will be a good strategy to avoid

the development of cancer-induced eating disorders.



Introduction

Anorexia affects 60-80% of all patients with cancer and considerably contributes to
disease-related malnutrition and cachexia, which in turn strongly affect patient’s

morbidity, mortality and quality of life [1].

Anorexia is often linked to cachexia, a complex metabolic syndrome associated with
underlying illness which is characterised by progressive loss of muscle (muscle wasting)
with or without loss of fat mass resulting in weight loss [2]. Although anorexia and
cachexia are likely to be initiated by similar pathologies, several lines of evidence
suggest that both conditions progress via distinct mechanisms. However, the presence
of cachexia makes it difficult to disentangle the primary underlying mechanisms of
cancer anorexia, since this might be due to tumour growth, cachexia progression or

other disease related mechanisms.

Cancer anorexia is generally considered to be a multifactorial condition. Contributing
to its complexity is the observation that evolution has developed powerful physiological
mechanisms favouring food intake. It has been shown that upon shifting the balance
to anorexia, pathways can become redundant when they are not functioning properly.
This is for example shown by data obtained from studying knock-out animals for
well-known appetite regulators, the NPY knock-out mouse [3], the AgRP knock-out
mouse [4], or the ghrelin knock-out mouse [5]. These mice display regular food intake
and body weight regulation, despite the loss of a significant key modulator in appetite
regulation. The difficulties encountered in studying cancer anorexia, inspired us to
approach the problem from a different angle. Cancer-induced anorexia is suggested to
be predominantly caused by the inability of the hypothalamus to respond adequately
to pivotal peripheral signals involved in appetite regulation [6]. This hypothalamic
resistance to peripheral neuro-endocrine signals is believed to be due to the increase
in pro-inflammatory cytokines resulting from tumour growth [6]. In this study, we
report on hypothalamic gene expression profiles in a cancer cachectic model with
increased food intake. In this model, appetite regulating systems, which apparently fail
in anorexia, are still able to adapt adequately to changes in energy balance. By applying
transcriptomics, many appetite regulating systems in the hypothalamus could be taken
into account. Here, we provide an overview of changes that occur in the hypothalamus
during tumour growth which could be important in the development of cancer-induced

eating disorders.
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Materials and methods

Tumour model

Male CDF1 (BALB/cx DBA/2) mice aged six-to-seven weeks were obtained from Harlan
Nederland (Horst, The Netherlands). Animals were individually housed one week
before start of the experiment in a climate-controlled room (12:12 dark-light cycle;
21°C+1°C). Mice were placed on a standard ad libitum diet (AIN93M, research Diet
Services, The Netherlands) and had free access to water. Murine C26 adenocarcinoma
cells were cultured and suspended as described previously [7]. Under general anaesthesia
(isoflurane/N,O/0,), tumour cells in 0.2 ml HBSS were inoculated subcutaneously into

the right inguinal flank. Controls were sham-injected with 0.2 ml HBSS.

All experimental procedures were approved by the Animal Ethical Committee (DEC,
Bilthoven, The Netherlands) and complied with the principles of good laboratory

animal care.

Experimental design

On day 0 tumour cells were injected. BW, food intake and tumour size were measured
three times a week. Tumour size was determined by measuring the length and width
of the tumour with a caliper. On day 20, body composition was determined by DEXA
(Lunar, PIXImus). Subsequently, blood was collected by cardiac puncture. After sacrifice,
brain, hypothalamus, organs and lower leg skeletal muscles were weighted and frozen
at -80°C. Two studies were performed with similar settings: study A was a pilot study
to optimise experimental conditions and was followed by study B. Table 3.1 shows the
number of tumour cells used for inoculation in the different groups that were included

in the two studies.

Table 3.1 Groups included in study A and study B

Study A Study B

C: Control, sham injected (n=4) C: Control, sham injected (n=6)
TB-0.5 : Tumor-bearing, 0.5 x 10° C26-cells (n=4) TB : Tumor-bearing, 1 x 10° C26-cells (n=9)
TB-1 : Tumor-bearing, 1 x 10° C26-cells (n=3)

Pilot study A was performed prior to study B. In study A, mice were injected with different amounts of
C26-colon adenocarcinoma cells, while study B comprised of one tumor-bearing group and one control

group.



Blood plasma amino acids and cytokines
Amino acids were measured by using HPLC with ortho-phtaldialdehyde as derivatization
reagent and L-norvaline as internal standard (Sigma Aldrich). The method was adapted

from van Eijk et al. [8].

Cytokines were measured using a mouse cytokine 10-plex bead immunoassay (Bio-
source, Etten-Leur, The Netherlands). Prostaglandin E, was measured using an enzyme-

immunoassay kit (Oxford Biomedical Research, Oxford, MI, USA).

Serotonin and dopamine levels

Hypothalamic samples were used for micro array experiments, while remaining brain
parts were used to determine serotonin and dopamine levels. Brains were homogenized
in 1ml containing 40mM Tris, ImM EDTA, 5mM EGTA, 0.50% Triton X-100 and
PhosSTOP phosphatase inhibitor (Roche Nederland, The Netherlands). Citric acid (1%)
was added to prevent serotonin oxidation. Serotonin and dopamine levels were measured

using enzyme-immunoassay kits (BAE-5900, BAE-5300, LDN, Nordhorn, Germany).

Statistics

Data was analysed by statistical analysis of variance (ANOVA) followed by a post hoc
Tukey’s multiple comparison/Bonferroni test or by a Student’s ¢ test. Differences were
considered significant at a two-tailed P<0.05. Statistical analyses were performed using

Graphpad Prism 5. For statistical analysis of microarray data see microarray section
(below).

Microarray studies

Total RNA from the hypothalamus was isolated by using RNeasy Lipid tissue kit (Qiagen,
Venlo, The Netherlands). RNA concentrations were measured by absorbance at 260 nm
(Nanodrop). RNA quality was checked using the RNA 6000 Nano assay on the Agilent
2100 Bioanalyzer (Agilent Techologies, Amsterdam, The Netherlands) according to the
manufacturer’s protocol. For each mouse, total RNA (100 ng) was labelled using the
Ambion WT expression kit (Life Technologies, Bleiswijk, The Netherlands). Micro-
array experiments were performed by using Affymetrix Mouse Gene ST 1.0 (study A)
and 1.1 (study B).
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For both study A and B, samples were pooled for each group. Also individual samples
from study B were included in a subsequent microarray experiment to confirm
the findings on food intake regulators and canonical pathways. In this microarray
experiment, 4 control samples and 5 samples from tumour-bearing mice were included
in this experiment, however 1 control sample gave various spots on the array and was

therefore excluded from analysis.

Array data were analysed using an in-house, on-line system [9]. Shortly, probesets were
redefined according to Dai et al. [10] using remapped CDF version 15.1 based on the
Entrez Gene database. In total these arrays target 21,225 unique genes. Robust multi-
array (RMA) analysis was used to obtain expression values [11, 12]. For study B we only
took genes into account that had an intensity >20 on at least 2 arrays, had an interquartile
range throughout the samples >0.1 and had at least 7 probes per genes. In total 8,763
genes passed the filter. Genes were considered differentially expressed at P<0.05 after
intensity-based moderated t-statistics [13]. Further functional interpretation of the
data was performed through the use of IPA (Ingenuity® Systems, www.ingenuity.com).
Canonical pathway analysis identified the pathways from the IPA library of canonical
pathways that were most significant to the data set. Genes from the data set that met
the cut-off of 1.3 fold change and p-value cut-off of 0.05 and were associated with a
canonical pathway in the Ingenuity Knowledge Base were considered for the analysis.
Array data have been submitted to the Gene Expression Omnibus, accession number
GSE44082.

Results

Body weight and food intake

In study A, tumour size and tumour weight did not increase correspondingly to the
number of tumour cells injected (Figure 3.1B-3.1C). However, carcass weight, epididymal
fat pad weight and skeletal muscle weight decreased proportionally to the number of
tumour cells injected, suggesting that body wasting increases with tumour load, despite
the weight of the tumour being similar (Supplementary table S3.1). Food intake in all
tumour-bearing animals was found to increase after 15 days. At day 19, tumour-bearing
(TB) mice in TB-0.5 and TB-1 groups ate approximately 45% more than the controls.

An increase of food intake in TB mice was again noticed in subsequent study B (Figure
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Figure 3.1 Effect of tumour inoculation on food intake, tumour size, tumour weight, body weight
and body composition in study A and B.

A) Time-course of change in food intake of TB-mice in study A. B) Time course of change in food intake
of TB mice in study B. C) Tumour weight at day 20 in study A. D) Time course of change in body weight
in study B. E) Tumour width and length were measured twice a week with a caliper and used to calculate
tumour volume. F) Body composition determined by DEXA scan in study B.

* Significantly different from C (P<0.05) Data is expressed as mean * S.E.M. C = sham-injected control,
TB-0.5 = injected with 0.5 x 10° tumour cells, TB-1 = injected with 1 x 10° tumour cells and TB = injected
with 1 x 10° tumour cells.

3.1A and 3.1D). In this study, food intake of TB mice was 40% higher than controls at
day 19. On day 13 after tumour inoculation, TB mice started to lose body weight (BW).
Synchronously to the decline in body weight, an increase in food intake in TB mice
was measured, suggesting compensatory eating by TB mice, in order to cope with loss
of BW. The loss of lean mass, fat mass and skeletal muscle weight in TB mice in study
B was comparable with that of study A, showing that the level and severity of cachexia

developed in TB animals was similar in both studies (Supplementary table S3.1).
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Microarray analysis of the hypothalamus

The heat map in Figure 3.2 shows fold changes of orexigenic and anorexigenic gene
expressions. Orexigenic neuropeptide Y (NPY) and agouti-related protein (AgRP)
expression were found to be significantly higher by 1.9 and 1.6 fold respectively in TB
mice. Orexigenic ghrelin expression was comparable between TB mice and controls.
However, expression of the growth hormone-secretagogue receptor (GHsR), which
mediates ghrelin signalling, showed to be slightly higher by 1.2 fold. In addition, growth
hormone (GH) expression, which also acts via GHsR and stimulates food intake, showed
to be highly upregulated in TB mice. Expression of anorexigenic somatostatin showed
to be 1.2 fold higher in TB mice compared to controls. Somatostatin is a strong negative
feedback regulator of GH, suggesting that its upregulation could be a result of increased
GH expression. Anorexigenic pro-opiomelanocortin (POMC) and cholecystokinin
(CCK) expressions were slightly lower in TB by 1.1 fold and 1.2 fold respectively. PYY,
leptin and glucagon expression were not included in the analysis, because absolute

expressions were below threshold.

In addition to analysis of food intake regulators, a list of highly-upregulated genes was
generated. Genes that were upregulated with a fold change above 1.5 in both study A and B,
resulted in a list of 19 genes that were highly upregulated in both studies (Supplementary
table $3.2). Lipocalin 2 and leucin-richa2-glycoprotein 1 are both discussed for their role
in tumour progression and for being potential biomarkers for cancer progression [14, 15]
and secretoglobin (Scgb3al) is considered a strong tumour suppressor [16]. Lipocalin
2 expression in hypothalamus has been reported to be strongly elevated upon influenza
infection in mice, suggesting that lipocalin 2 in the brain is able to sense inflammatory
stressors from the periphery [17]. The strong upregulation of also other inflammatory
genes as interleukin 1 receptor and oncostatin M receptor in both studies contribute to

the idea of an elevated inflammatory status in the hypothalamic area.

Pathway analysis: serotonin and dopamine signalling

Pathway analysis using Ingenuity Systems showed that the serotonin (5-HT) receptor
signalling pathway was significantly altered (P<0.05) in the hypothalamic tissues of TB
mice (Supplementary figure 3.1). Expression of genes involved in both 5-HT synthesis
and 5-HT degradation showed to be lower in TB mice than in controls, pointing towards

a compensatory mechanism regulating expression of these enzymes.



Study A Study B

1D 00ls mean P-value Gene Description
109648 0.000 Npy neuropeptide Y
11604 0.001 Agrp agouti related protein
14599 0.028 Gh growth hormone
208188 0.007 Ghsr growth hormone secr. R
110312 0.001 Pmch pro-melanin-concentrating hormone
207911 0.017 Mchr1 melanin-concentrating hormone R 1
14427 0.011 Galrl galaninR 1
12801 0.032 Cnrl cannabinoid R 1 (brain)
14419 0.075 Gal galanin
14601 0.107 Ghrh growth hormone releasing hormone
18387 0.113 Oprk1 opioid R, kappa 1
14429 0.120 Galr3 galaninR3
14428 - Galr2 galaninR 2
66177 0.136 Ubl5 ubiquitin-like 5
230777 0.137 Hertrl hypocretin (orexin) R 1
381073 0.138 Npw neuropeptide W
18167 0.191 Npy2r neuropeptide Y R Y2
18386 0.228 Oprd1 opioid R, delta 1
387285 0.364 Hertr2 hypocretin (orexin) R 2
15171 0.442 Hert hypocretin
227717 0.451 Qrfp pyroglutamylated RFamide peptide
58991 0.681 Ghrl ghrelin
18390 0.887 Oprm1 opioid R, mu 1
18166 - Npylr neuropeptide YR Y1
18168 - Npy5r neuropeptide Y R Y5
Study A Study B
1D TB-0.5 TB-1 00ls mean P-value Gene Description
18976 0.037 Pomc pro-opiomelanocortin-alpha
12424 0.013 Cck cholecystokinin
27220 0.098 Cartpt CART prepropeptide
12921 0.097 Crhrl Corticotropin-releasing hormone R 1
14652 0.611 Glp1r glucagon-like peptide 1R
14526 - Geg glucagon
14527 - Gegr glucagon R
16847 0.393 Lepr leptin R
16846 - Lep leptin
54598 0.678 Calerl calcitonin R-like
232836 0.885 Galp galanin-like peptide
53322 0.859 Nucb2 nucleobindin 2
14829 0.823 Grpr gastrin releasing peptide R
12922 0.742 Crhr2 corticotropin releasing hormone R 2
68039 0.513 Nmb neuromedin B
12425 0.408 Cckar cholecystokinin AR
217212 - Pyy peptide YY
54615 0.176 Npff neuropeptide FF-amide precursor
12311 0.026 Calcr calcitonin R
17202 0.053 Mcér melanocortin 4 R
18101 0.085 Nmbr neuromedin BR
67405 0.077 Nts neurotensin
12209 0.110 Brs3 bombesin-like R 3
18429 0.001 Oxt oxytocin
83428 0.002 Ucn3 urocortin 3
22044 0.000 Trh Thyrotropin-releasing hormone
20604 0.013 Sst somatostatin

Figure 3.2 Heat map representation of fold-changes of orexigenic- and anorexigenic genes in the
hypothalamus in study A and B.

RNA from hypothalamus was used to perform micro-array experiment using Affymetrix chips. Fold
changes relative to their control group were calculated and compared between the two studies. Each
row represents a gene and each column represents a group of animals. RNA samples from the same
group were pooled for analysis in study A. Study A: TB-0.5 = injected with 0.5 x 10° tumour cells and TB-1
=injected with 1 x 10° tumour cells.

In study B, TB mice were injected with 1 x 10° tumour cells and both pooled samples (pools) and
individual replicates (mean) were analysed. Pools = RNA from all mice whitin one group were pooled,
mean = calculated mean from replicates.

Red colour indicates genes that were higher expressed as control and green colour indicates genes that
were lower expressed as the control. Black indicates genes whose expression was similar to compared
to control. Grey indicates genes that were filtered out (NA) because absolute expression values were
below the predefined threshold limits (M&M section) ID: Entrez ID, R: receptor, NA: not analysed.
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Pathway analysis further showed that besides 5-HT signalling, also dopamine (DA)
signalling was altered (Supplementary figure S3.1). Several genes involved in 5-HT
signalling are also of importance in dopamine signalling. Changes in these shared
genes between the 5-HT and DA pathways are therefore likely to have an effect on
both neurotransmitters. Expression of gchl, gdpr and ddc, which are involved in the
synthesis of both 5-HT and DA, were strongly downregulated. Also transporter vmat,
which is important in transporting 5-HT and DA into the neuronal synapse, showed
to be 1.7 fold lower in TB mice compared to controls. Tryptophan hydroxylase (tph)
and tyrosine hydroxylase (th), rate-limiting enzymes in the synthesis of 5-HT or DA
respectively, were also strongly downregulated. In addition, SERT and DAT, re-uptake
transporters of 5-HT and DA respectively in order to terminate activation in the synaptic
cleft, showed to be more than 2 fold lower in TB mice. This indicates that besides shared
genes between the 5-HT and DA pathways, also genes specifically involved in either
DA or 5-HT synthesis, were altered. Figure 3.3A shows an overview of genes involved

in 5-HT and DA signalling and their fold changes.

To determine the effects of these changes on gene expression, 5-HT and DA levels were
measured. Serotonin levels showed to be significantly lower in the TB mice, whereas
DA levels showed not to be different in TB mice compared to control animals (Figure
3.3C-3.3E). Since both DA and 5-HT have been discussed for their role in food intake
and feeding behaviour, correlation between these neurotransmitters and food intake were
studied. Serotonin levels were found to correlate with food intake in both C and TB mice,

while this correlation could not be made for DA and food intake (Figure 3.3D-3.3F).

Figure 3.3 Serotonin and dopamine signalling in TB mice and correlations with food intake.
Canonical pathway analysis with IPA (Ingenuity® Systems) revealed serotonin receptor signalling
pathway and dopamine receptor signalling pathway as being significantly changed in tumour-
bearing mice in both studies. A) Overview of serotonin and dopamine signalling pathway and their
overlapping genes (Gch1, Qdpr, DDC, VMAT and degrading enzymes MAO and ALDH). Expression
of genes necessary for the synthesis of serotonin/ dopamine as well as genes playing a role in the
termination of serotonin/dopamine signalling in the synapse showed to be downregulated. B) Heat
map of fold changes of numbered genes. Genes 1-5 represent genes involved in both serotonin and
dopamine signalling. C) Serotonin level in brain relative to control mice. D) Dopamine level in brain
relative to control mice. E) Correlation of serotonin with food intake. F) Correlation of dopamine with
food intake. Values are expressed as mean +SEM. C = sham-injected control, TB = injected with 1 x 10°
tumour cells * Significantly different from C (P<0.05). DHNTP = 7,8-dihydroneopterin Triphosphate, 6PTS
= 6-pyruvoyl-Tetrahydropterin, 5SHIAA = 5-Hydroxyindole Acetic acid, g-dbt = g-dihydrobiopterin, KYN=
kynurenine, TRP = tryptophan, DA = dopamine, 5HT = 5-hydroxytryptamine (serotonin), MAO = mono
amine oxidase, ALDH = aldehyde dehydrogenase, SULT = sulfotransferase.
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Plasma amino acid levels and immune parameters

In study B, levels of various amino acids in plasma were measured (Supplementary
table S3.3). TRP levels relative to branched-chain amino acids (BCAA) is often used as
a predictor for 5-HT status in the brain. Surprisingly, TRP/BCAA ratios showed to be

significantly higher in TB animals compared to controls (Figure 3.4A).

To assess tumour-driven inflammatory response, PGE,, TNFa and IL-6 were measured
in blood plasma (Figure 3.4B-3.4D). TNFa levels showed to decrease, while pro-

inflammatory mediators IL-6 and PGE, showed to be significantly elevated.
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Figure 3.4 Ratio TRP/BCAA and cytokine plasma level in blood plasma.

A) Blood plasma aminoacid levels in TB mice. B) TNFa plasma levels. C) IL-6 plasma levels. D) PGE,
plasma levels. * Significantly different from C (P<0.05). TRP = tryptophan, BCAA = branched chain amino
acids, comprising valine, leucine and isoleucine.

Discussion

In the present study, we report on the hypothalamic gene expression profile in C26
tumour-bearing. Here, we show gene expressions of important orexigenic genes to
be increased, while expression of anorexigenic genes decreased. Remarkable is the

downregulation of the complete serotonin signalling cascade in TB mice. To our



knowledge, this is the first study showing that serotonin synthesis, degradation and
synaptic release is affected during tumour growth and subsequent changes on serotonin

levels are correlated to changes in food intake.

The observed increase in food intake in these C26 TB mice in both experiments has
not yet been reported. The C26 cancer-cachexia mouse model as described in 1990 by
Tanaka et al. [18] is often referred to as “the standard” for the C26 model. With this
set-up, cachexia develops, which is reflected in a decrease in muscle weight as well as
adipose tissue depletion. Our findings on cachexia in the present model correspond
to the results found by Tanaka et al. A specific characteristic for this model is that in
this particular setting, food intake of TB mice does not change and is not different
from that of healthy controls. However, in the meantime various research groups have
reported a strong decrease in food intake in mice injected with these C26 cancer cells
[19, 20], suggesting that changes in morphology of the cell line, variation in the strain
of mice and differences in number of tumour cells used for inoculation might led to
these discrepancies in findings on food intake. It has already been reported that C26-
induced cachexia and anorexia can vary according to the inoculation site [21] and origin
of C26 cells [22], as well as the use of solid tumour fragments or cell suspensions for

inoculation can cause variation [23].

Also adaptation of C26 cells to in vitro culture conditions can cause mutations in
the cell line leading to changes in cell characteristics, sensitivity to chemotherapy,
metastatic potential and tumour-induced cachexia in mice, suggesting that C26 cells
can differentiate to different variants and change tumour characteristics despite being
derived from the same source [24]. Subsequently, the extent and type of inflammatory
response that is induced by tumour growth might play a role in the severity of cachexia
and anorexia. Differences in tumour-driven inflammation, might therefore explain
differences between various cancer models. To confirm tumour-induced inflammation
in our model, various cytokines and PGE, levels in blood plasma were measured. IL-6
and PGE, showed to be elevated in TB mice, which also has been reported previously
[25]. However, in contrast to previous results, TNFa levels in blood plasma were not

elevated in TB mice compared to control mice.

Elevated concentrations of TNFa are reported to decrease food intake [26], suggesting
that the absence of TNFa -mediated inflammation might play a role in compensating

feeding behaviour in this model. All together, we would like to propose the hypothesis
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that although the “C26 model” is referred to as such, in fact the model is heterogeneous
with many varieties. Small differences in experimental settings and spontaneous

mutations in the cell line used might lead to great changes in characteristics of the model.

In the present study, pathway analysis indicates serotonin (5-HT) and dopamine (DA)
signalling to be altered in TB mice compared to controls. DA and 5-HT are both
important neurotransmitters involved in eating behaviour. The signalling pathways of
5-HT, DA and DA-metabolites norepinephrine and epinephrine are closely linked by
shared synthesizing enzymes and transporters. Therefore, it is very likely that changes in
these shared genes will propose these comprehensive effects. Since both pathways were
predicted to be altered, we measured 5-HT and DA levels in whole brain homogenates.
Serotonin levels were found to be significantly lower in TB mice compared to control.
This might be caused by decreased TPH and SERT expression, which have been directly
correlated to lowered 5-HT levels in other studies [27, 28]. However, DA levels in TB mice
showed not to be different from levels in controls, suggesting that effects on expression of
shared genes are of greater impact on 5-HT synthesis, than on DA synthesis. In addition,
in relation to changes in food intake in TB mice, only 5-HT levels showed to inversely
correlate with food intake whereas DA levels did not. A limitation of the present set-up
is that gene pathway analysis was based on hypothalamic transcripts whereas analysis of
5-HT and DA levels took place in homogenates of remaining brain material. Therefore,
levels of these neurotransmitters reflect an indication and local differences in the various

regions of the brain in both DA and 5-HT cannot be ruled-out.

Overall, our results suggest that primarily 5-HT is associated with altered food intake
regulation caused by tumour growth. This is consistent with findings reported by other
research groups. In MCA tumour-bearing rats which showed clear anorexia, 5-HT levels
were elevated in the PVN of the hypothalamus [29]. This elevation of 5-HT showed to
be clearly tumour-driven, since it did not occur in the pair-fed controls. In addition,
5-HT levels were restored after tumour resection. On the other hand, also DA levels in
the hypothalamus were reported to be decreased in that study. However, this decrease
in DA level was also found in the pair-fed control group to a similar extent as observed
in TB rats. This suggests that the decrease DA in the hypothalamus was a consequence
and not a direct cause of decreased food intake. Dopamine has shown to play a role in
mechanisms induced during and after feeding, such as rewarding mechanisms [30]. For

example DA levels in the hypothalamus have been shown to increase directly after eating



and the magnitude of DA response is relative to the size of meal ingested [31]. Our results,
together with the existing literature, suggest that DA is not a direct causative factor in the
development of cancer anorexia, since it is not induced by tumour growth but decreases
subsequent to a reduction in food intake. However, DA is likely to play a role in sustaining
cancer anorexia, once this has been manifested. Long-term alterations in DA in the
hypothalamus are suggested to affect feeding pattern [32] and treatment with L-dopa,
precursor of DA, has been shown to be beneficial in restoring appetite in severely anorectic
cancer patients [33]. In addition, an increase in hypothalamic expression of several DA
receptors (DRD), including DRD2, during tumour growth in anorectic TB rats, might play
arole in sustainment of cancer anorexia [32]. Our results support this finding, as we found

a decreased expression of this receptor in TB mice with compensatory feeding behaviour.

In summary, our results suggest that changes in 5-HT signalling and 5-HT levels
contribute to compensatory eating during tumour growth. Serotonin is considered
an important mediator in the regulation of satiety and hunger [34]. High brain levels
induce satiation, whereas lowered levels stimulate food intake. In cancer, elevated brain
serotonin has been suggested to play a crucial role in the development of anorexia [6, 29].
On the other hand, lowered serotonin levels and downregulation of SERT are discussed

for their role in eating abnormalities and hyperphagia in obesity [35, 36].

Next to changes on 5-HT signalling and 5-HT levels, also tryptophan (TRP) metabolism
appeared to change in TB mice. TRP/BCAA ratios in plasma showed to be increased in
TB animals. TRP, precursor of 5HT, competes with BCAA at the blood brain barrier.
Therefore plasma TRP/BCAA ratio is used as predictor for 5-HT levels in the brain
and is often linked to food intake. From this perspective, an elevated TRP/BCAA ratio
would result in increased TRP availability for serotonin synthesis in the brain and
subsequently higher brain 5-HT levels. However, inconsistencies in this theory have
been reported. Several reports show that plasma TRP levels do not predict TRP in brain
and consequently brain 5- HT levels [37, 38]. In addition, plasma TRP/BCAA ratio as
predictor for changes in food intake [39], appetite [40] and satiety [41] has been reported
to fail in several studies. Amino acid profiles in blood reflect skeletal muscle status and
total protein metabolism in the body and is dependent on the physical status of the
subject [42]. In the case of severe cachexia it could be that large metabolic alterations in
muscle [43] and the presence of insulin resistance in the muscle [44] might distort amino

acid profiles in blood in order to predict brain 5-HT levels via TRP ratios adequately.
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In the present study, various food intake regulators were studied for their role in the
observed increased food intake in TB mice. AgRP and NPY expressions were highly
upregulated in TB mice. Central infusion of AgRP in cachectic C26 tumour-bearing
mice results in an increase in food intake [45], which supports our findings. However,
increased expression of NPY and its relation to potentiate feeding in this study is more
difficult to interpret, as messenger NPY has been reported to not correlate with NPY
levels in the hypothalamus in cancer cachectic conditions [46]. Several studies have
shown that in cachectic and anorectic TB mice [47] and rats [46], messenger NPY is also
elevated. However, translation of messenger NPY or transport of NPY to NPY terminals
showed not to correspond to mRNA changes shown by measurements of NPY levels
and immunohistochemistry [46]. Serotonin has been discussed to play a role in this
imbalance between messenger NPY and NPY signalling in feeding behaviour in cancer
anorexia [29]. Inhibition of 5-HT signalling showed to increase NPY levels [48], while
induction of 5-HT signalling reduced NPY levels in rats [49]. All together this suggests
that 5-HT signalling can interfere with NPY synthesis or transport. Therefore it could
be that in the current study, decreased 5-HT levels and lowered 5-HT signalling might
preserve NPY signalling.

In this study, we report on the transcriptomic analysis of a cancer-cachectic model
with an increased food intake. In this model, food intake regulating systems, of which
failure might contribute to anorexia, are able to adapt properly to changes in energy
balance. We showed that alterations in NPY, AgRP and serotonin signalling are likely
to explain compensatory eating behaviour of mice bearing C26 tumour. Therefore,
targeting these systems might offer promising strategies to avoid the development of

cancer-induced anorexia.

Acknowledgements
We thank Nicole Buurman, Gerrit de Vrij and Angeline Visscher for their technical

support.

The work presented in this manuscript was funded by the European Union Seventh

Framework Program (FP7/2007-2013) under grant agreement n°266408 (Full4Health).

The authors confirm that they comply with the principles of ethical publishing in the
Journal of Cachexia, Sarcopenia, and Muscle 2010;1:7-8 (von Haehling S, Morley JE,
Coats AJ and Anker SD).



References

1.

10.

11.

12.

13.

14.

15.

16.

Argiles, J.M., et al., Optimal management of cancer anorexia-cachexia syndrome. Cancer
Manag Res, 2010. 2: p. 27-38.

Fearon, K., et al., Definition and classification of cancer cachexia: an international consensus.
Lancet Oncol, 2011. 12(5): p. 489-95.

Erickson, J.C., K.E. Clegg, and R.D. Palmiter, Sensitivity to leptin and susceptibility to seizures
of mice lacking neuropeptide Y. Nature, 1996. 381(6581): p. 415-21.

Qian, S., et al., Neither agouti-related protein nor neuropeptide Y is critically required for the
regulation of energy homeostasis in mice. Molecular and cellular biology, 2002. 22(14): p. 5027-
35.

Sun, Y., S. Ahmed, and R.G. Smith, Deletion of ghrelin impairs neither growth nor appetite. Mol
Cell Biol, 2003. 23(22): p. 7973-81.

Laviano, A., et al., NPY and brain monoamines in the pathogenesis of cancer anorexia.
Nutrition, 2008. 24(9): p. 802-5.

van Norren, K., et al., Dietary supplementation with a specific combination of high protein,
leucine, and fish oil improves muscle function and daily activity in tumour-bearing cachectic
mice. Br ] Cancer, 2009. 100(5): p. 713-22.

van Eijk, H.M., D.R. Rooyakkers, and N.E. Deutz, Rapid routine determination of amino acids
in plasma by high-performance liquid chromatography with a 2-3 microns Spherisorb ODS IT
column. ] Chromatogr, 1993. 620(1): p. 143-8.

Lin, K., etal., MADMAX - Management and analysis database for multiple ~omics experiments.
J Integr Bioinform, 2011. 8(2): p. 160.

Dai, M., et al,, Evolving gene/transcript definitions significantly alter the interpretation of
GeneChip data. Nucleic acids research, 2005. 33(20): p. e175.

Irizarry, R.A., et al., Summaries of Affymetrix GeneChip probe level data. Nucleic acids
research, 2003. 31(4): p. el5.

Bolstad, B.M., et al., A comparison of normalization methods for high density oligonucleotide
array data based on variance and bias. Bioinformatics, 2003. 19(2): p. 185-93.

Sartor, M.A,, et al., Intensity-based hierarchical Bayes method improves testing for differentially
expressed genes in microarray experiments. BMC Bioinformatics, 2006. 7: p. 538.

Yang, J. and M.A. Moses, Lipocalin 2: a multifaceted modulator of human cancer. Cell cycle,
2009. 8(15): p. 2347-52.

Kavathia, N., et al., Serum markers of apoptosis decrease with age and cancer stage. Aging,
2009. 1(7): p. 652-63.

Tomita, T.and S. Kimura, Regulation of mouse Scgb3al gene expression by NF-Y and association
of CpG methylation with its tissue-specific expression. BMC Mol Biol, 2008. 9: p. 5.

Appetite regulators in a cancer cachectic mouse model H

59



Chapter 3

60

Appetite regulators in a cancer cachectic mouse model

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ding, M. and L.A. Toth, mRNA expression in mouse hypothalamus and basal forebrain during
influenza infection: a novel model for sleep regulation. Physiol Genomics, 2006. 24(3): p. 225-
34.

Tanaka, Y., et al, Experimental cancer cachexia induced by transplantable colon 26
adenocarcinoma in mice. Cancer Res, 1990. 50(8): p. 2290-5.

Tizuka, N., et al., Anticachectic effects of the natural herb Coptidis rhizoma and berberine on
mice bearing colon 26/clone 20 adenocarcinoma. Int ] Cancer, 2002. 99(2): p. 286-91.

Soda, K., et al., Manifestations of cancer cachexia induced by colon 26 adenocarcinoma are
not fully ascribable to interleukin-6. International journal of cancer. Journal international du
cancer, 1995. 62(3): p. 332-6.

Matsumoto, T., et al., Tumour inoculation site-dependent induction of cachexia in mice bearing
colon 26 carcinoma. Br ] Cancer, 1999. 79(5-6): p. 764-9.

Murphy, K.T., et al., Importance of functional and metabolic impairments in the characterization
of the C-26 murine model of cancer cachexia. Dis Model Mech, 2012.

Aulino, P, et al., Molecular, cellular and physiological characterization of the cancer cachexia-
inducing C26 colon carcinoma in mouse. BMC Cancer, 2010. 10: p. 363.

Sacchi, A., F. Mauro, and G. Zupi, Changes of phenotypic characteristics of variants derived
from Lewis lung carcinoma during long-term in vitro growth. Clin Exp Metastasis, 1984. 2(2):
p. 171-8.

Faber, J., et al., Beneficial immune modulatory effects of a specific nutritional combination in a
murine model for cancer cachexia. Br ] Cancer, 2008. 99(12): p. 2029-36.

Sonti, G., S.E. Ilyin, and C.R. Plata-Salaman, Anorexia induced by cytokine interactions at
pathophysiological concentrations. Am J Physiol, 1996. 270(6 Pt 2): p. R1394-402.

Rothman, R.B,, et al., High-dose fenfluramine administration decreases serotonin transporter
binding, but not serotonin transporter protein levels, in rat forebrain. Synapse, 2003. 50(3): p.
233-9.

Zhang, X., et al., Tryptophan hydroxylase-2 controls brain serotonin synthesis. Science, 2004.
305(5681): p. 217.

Meguid, M.M., et al., Tumor anorexia: effects on neuropeptide Y and monoamines in
paraventricular nucleus. Peptides, 2004. 25(2): p. 261-6.

Salamone, J.D. and M. Correa, Dopamine and Food Addiction: Lexicon Badly Needed. Biol
Psychiatry, 2012.

Meguid, M.M., Z.]J. Yang, and M. Koseki, Eating induced rise in LHA-dopamine correlates with
meal size in normal and bulbectomized rats. Brain Res Bull, 1995. 36(5): p. 487-90.

Sato, T., et al., Hypothalamic dopaminergic receptor expressions in anorexia of tumor-bearing
rats. Am ] Physiol Regul Integr Comp Physiol, 2001. 281(6): p. R1907-16.

Lozano, R.H. and LS. Jofre, Novel use of L-dOPA in the treatment of anorexia and asthenia
associated with cancer. Palliat Med, 2002. 16(6): p. 548.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Garfield, A.S. and L.K. Heisler, Pharmacological targeting of the serotonergic system for the
treatment of obesity. The Journal of physiology, 2009. 587(Pt 1): p. 49-60.

Ratner, C,, et al., Cerebral Markers of the Serotonergic System in Rat Models of Obesity and
After Roux-en-Y Gastric Bypass. Obesity (Silver Spring), 2012.

Wurtman, R.J. and J.J. Wurtman, Brain serotonin, carbohydrate-craving, obesity and depression.
Obesity research, 1995. 3 Suppl 4: p. 477S-480S.

Madras, B.K., et al., Elevation of serum free tryptophan, but not brain tryptophan, by serum
nonesterified fatty acids. Adv Biochem Psychopharmacol, 1974. 11(0): p. 143-51.

Molfino, A., et al,, Free tryptophan/large neutral amino acids ratios in blood plasma do not
predict cerebral spinal fluid tryptophan concentrations in interleukin-1-induced anorexia.
Pharmacol Biochem Behav, 2008. 89(1): p. 31-5.

Sato, T., et al., Involvement of plasma leptin, insulin and free tryptophan in cytokine-induced
anorexia. Clin Nutr, 2003. 22(2): p. 139-46.

Bossola, M., et al., Anorexia and plasma levels of free tryptophan, branched chain amino acids,
and ghrelin in hemodialysis patients. ] Ren Nutr, 2009. 19(3): p. 248-55.

Koren, M.S., et al., Changes in plasma amino Acid levels do not predict satiety and weight loss
on diets with modified macronutrient composition. Ann Nutr Metab, 2007. 51(2): p. 182-7.

Newgard, C.B., et al, A branched-chain amino acid-related metabolic signature that
differentiates obese and lean humans and contributes to insulin resistance. Cell Metab, 2009.
9(4): p. 311-26.

Argiles, .M., et al., Catabolic mediators as targets for cancer cachexia. Drug Discov Today,
2003. 8(18): p. 838-44.

Asp, M.L,, et al., Evidence for the contribution of insulin resistance to the development of
cachexia in tumor-bearing mice. Int ] Cancer, 2010. 126(3): p. 756-63.

Joppa, M.A., et al., Central infusion of the melanocortin receptor antagonist agouti-related
peptide (AgRP(83-132)) prevents cachexia-related symptoms induced by radiation and colon-26
tumors in mice. Peptides, 2007. 28(3): p. 636-42.

Chance, W.T,, et al., Alteration of NPY and Y1 receptor in dorsomedial and ventromedial areas
of hypothalamus in anorectic tumor-bearing rats. Peptides, 2007. 28(2): p. 295-301.

Nara-ashizawa, N., et al., Response of hypothalamic NPY mRNAs to a negative energy balance
is less sensitive in cachectic mice bearing human tumor cells. Nutr Cancer, 2001. 41(1-2): p.
111-8.

Dryden, S., et al., Increased feeding and neuropeptide Y (NPY) but not NPY mRNA levels in
the hypothalamus of the rat following central administration of the serotonin synthesis inhibitor
p-chlorophenylalanine. Brain Res, 1996. 724(2): p. 232-7.

Shinozaki, T., et al., Fluvoxamine inhibits weight gain and food intake in food restricted
hyperphagic Wistar rats. Biol Pharm Bull, 2008. 31(12): p. 2250-4.

Appetite regulators in a cancer cachectic mouse model H

61



Chapter 3 ‘ Appetite regulators in a cancer cachectic mouse model

*JOLIAIUD SIIDIQI "W :qIY W ‘SNIWaUI041sbb "W 2043506 W 'snbuoj winioybip 10suaixa “w a3 “(S0°0>d) D Wolj Jualayip Apuedyiubls ,

*(6=U) S||92 JNOWIN1 40| X | YHM pa1daful = g ‘(9=u) |013u0d paidaful weys = :g APNIS *(£=U) S||33 JINOWNI ;0| X | YHM pa1daful = |-g] ‘(F=U) S||93 Inowin} 40| X §°0
YHM pa3daful = §'0-g1 ‘(b=U) |013u0d Pa3d3[ul Weys = D 'y APNIS "\IS F UBSW Se PassaIdxa aie San|e/ "SUOIe|Nd|ed 104 Pasn sem SB3| Y1og Woiy s3|dsnw o abeiane sy
‘S9DSNWI [€13[)S 104 "PaIYBIaMm pue pa1dassip 219m suebio ‘0z Aep 1y 's||92 JNOWINY JO SISGUINU JUSISHYIP YUM 3D1W | @D Ul palejndoul A|snoaueindgns a1am s|[3d 9z-d

F0F L9 S0FSL (Bw) snajos ‘wi

K9EFOV6 6'8F0°SCL (bw) 201586 "W

LLF 11T LY F66CL (bw) yieay

«ETLF6HPE 90€ F L'€Y (bw) skaupiy
09F 6701 98F L'8TlL (bw) seadueq «LOF LY *L'0F oY L0FTL (bw) 103 ‘W
LT F6'600L O¥8 F L'68LL (Bw) 42417 LO0F LY L0OFTY €0F6'S (6w) snajos ‘w
*L8FLELL 0EFS0L (bw) uss|ds X9TFOSL 0TF996 STFOVTL (bw) >onseb ‘w
«LTFOSL 0EF Y8 (bw) snwiky | X0'SEF S8YL *ESLFYLOL STFYY9 (bw) ussds
«8'8F L0l LSy FvTvs (bw) 184 lewApipidy *EEFLOL «LLFOLT LSFLEE (Bu) snwhyL
«L'0FET8L 6'0F09C (6) 3ybrom ssedied LEFEL E9F LLL 09 ¥ 79¢ (bw) 1e4 [lewApipidy
L'STL F0'9¥SL 00F00 (6w) Inown *E'1F60C TLFTTC OLF¥IT (6) 1yb1am ssesied
¥v'0 F 70T 60F09C (6) 3ybram Apog €LF0TC TLFLET 0LF¥T (6) 1ybram Apog
a1 b} g Apmis -1 S0-9L b) v Apnig

g pue y Apnis ui uorzejn>oul Jnown} e oz Aep 1e 1ybiam uebio pue 1ybiam Apoq ui saduaiayig L'eS djger Ateyusawsajddng

ejep Aiejuawajddng

62



™M

'sa1pni1s Yyioq ul pazejnbaidn A|ybiy a1om 1eyy sausb buimoys ‘pajeanal sem sausb buiddelsano 1 JO 1s1| Y "PIpN|dUl 319M G| SA0qE P|oy)
uondNpul ue Yyum sauab ||y "patedwod a1am s||92 9Z-D UOI||IW | YUM paldaful 219m 1eyl g pue Y ApNnis W) 1w |043u0d 0] pasedwod adiw g] ul sauab paieinbaidn

[9pOW 3snow 31123Yyded Jddued e Ul sioe|nbas aynnaddy

sissuabolbue q/T YNYoLIw qLTIN S000°0> 9L VN L'l €l Lece/8e
sisoydode/buijjeubis 101dadas Jum 90€ YNYOoDIW 0NN S00°0> 9l 9l L'l YA 9€8€TL
uonewweyul | 9dA3 Joydadal | uppnapiul LiLIl S000°0> 0T 9l 8L 0C LL191
9¥e1ul pooy uiayo.d pajejas 13nobe diby 500°0> 9l o9l Sl Sl 09l L
umouxun 69€ VYNyoIlw 69€IN S000°0> 9'L L'l Sl L'l €€6¢€CL
uonouny e|abeyy A ¥PRL  S000°0> Ll ! 9L Sl ov8LL
A3IAIDDR 3seplweldd Z 9seplwelad aujjey|e VY S000°0> L'l L'l Sl vl 6/L£0€T
1odsuesy uol € 9seun| paje|nbai p1011310230dn|H/wnIss 1bs S00°0> 9l 8l L'l 8l GS/0LL
uonewuwepul 101dad31 |\ uneIsoduo JwsO  S000°0> YAl 8l 6l €T y1v8L
| Bulureyuod
A1IA11OB 9581DNPAIOPIXO ulewop aseuabAxolp yod-|Aoueifyd LPYAyd S00°0> 6L 6l L'l YAl 969/7C
9yeul pooj/uononpoidal ulp03AX0 X0 500°0> 9l 6l L'l 8l 6Cv8L
uoisaype ||92 Bojowoy 1010e} pueIgR||IM UOA IMA - S000> 61 L'z ol Ll LLgee
sisauaboyw uia104d diseq 19j91e|d-oid dqdd S000°0> e rard fard 0¢ 6v€LS
abeioys pidi| ¥ uidijuad yulld  $000°0> v'T €T LT €T SEVLS
uondnpoid uigojboinau  pIoIYIAIS ‘Z 9SBYIUAS pIde diuljnASjoulWe zsely $S00°0> YArd (4 6l 0'¢ 95911
uolienualayp
192 e} UMoIg/uoleuwiwejjul L u12101dodA|6-z-eydie you-aupdna| L6171 5000°0> o€ LY e v'E S069.
uonewwepul L Jaquiaw ‘¢ Ajiwey ‘uigo|bo1a1das Legqhds S000°0> 8'S €9 6'¢ v 79989
uoljewwejul z utjedodi| cud]  S000°0> L VL VA4 09 61891
aye1ul pooy/yimolb auowuoy ymwoib Yo S0'0> 9/ v'zs 0T L'€T 66571
uondun4 uondudsaqg auan  anjend ueaw sjood 1-91 S0-91 al
4 Apmis v Apnis

g pue y Apnis yroq ui sdnoub g ui snwejeylodAy sy ui parejnbaidn Aybiy ssusb jo 1s17 z°€S 9|qel Aiejuswsa|ddng

63



Chapter 3 | Appetite regulators in a cancer cachectic mouse model

Supplementary table S3.3 Plasma amino acid levels at day 20 in study B

Plasma amino acid concentration (umol/L) C TB
Alanine 603.6 +41.8 564.5 +96.5
Arginine 108 £16.9 147 £ 9.6
Asparagine 529+42 409+ 4.4
Aspartic acid 13.6+£5.1 11.5+£2.6
Citrulline 63.4+25 64.4+45
Glutamine 401.1+£10.3 4213 +67.1
Glutamic acid 547 +4.2 130.5 £ 45.1
Glycine 205.3+9.8 187.2+10.8
Histidine 69.9+2.7 94.6 + 6.6*
Isoleucine 103.6+7.8 98.9+6.7
Leucine 155.4+£13.1 167.2+11.7
Lysine 3543 +385 39132
Methionine 629+4.1 51+4.1*
Phenylalanine 63.6+2 95.8 + 6.5*%
Serine 157.2+17.7 1584+134
Taurine 522.2+38.1 828.2 £ 83.4%
Threonine 205.7 £ 145 2104 +17.4
Tryptophan 742+22 100 + 7.4*%
Tyrosine 57.8+3.1 56.1+5.2
Valine 263+ 15.0 2255+ 11.2*
BCAA 532.7+35.8 491.6 +28.0
LNAA 776.2 £44.9 789.0 £45.5
TRP/BCAA 0.14 £ 0.01 0.20 £ 0.01*
TRP/LNAA 0.10 £+ 0.006 0.13 £ 0.006*
EA 1410+93.4 1490 £ 90.4
NEA 3517 £141.9 4044 + 278.6
EA/NEA 0.40 £ 0.01 0.37 £0.01

Plasma levels of various amino acids were measured using HPLC. Values are expressed as mean + SEM. C
=sham injected control), TB = injected with 1 x 10° tumour cells. * Significantly different from C (P<0.05).
BCAA: (leucine, isoleucine, valine);

LNAA: (isoleucine, leucine, valine, phenylalanine, tyrosine, histidine, methionine);

EA:isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, valine, histidine.
Abbreviations: BCAA = branched-chain amino acids, LNAA = Large neutral amino acids, EA = essential
amino acids.
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Supplementary figure S3.1 Top 5 Canonical pathways in mice bearing C26-adenocarcinoma.
Canonical pathway analysis with IPA (Ingenuity® Systems, www.ingenuity.com) revealed the serotonin
receptor signalling pathway and the dopamine receptor signalling pathway as being significantly
changed in tumour-bearing mice in both studies. A set of genes involved in serotonin signalling is also
of importance in dopamine signalling. These overlapping genes are shown in Figure 3.3. In addition,
degradation of these neurotransmitters showed to be altered, since a specific set of genes including
aldehyde dehydrogenases was downregulated.
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Abstract

Background: Anorexia isa common symptom among cancer patients and contributes to
malnutrition and strongly impinges on quality of life. Cancer-induced anorexia is thought
to be caused by an inability of food intake-regulating systems in the hypothalamus to
respond adequately to negative energy balance during tumour growth. Here, we show
that this impaired response of food-intake control is likely to be mediated by altered

serotonin signalling and failure in posttranscriptional neuropeptide Y (NPY) regulation.

Methods: Two tumour cachectic mouse models with different food intake behaviours
were used: a C26-colon adenocarcinoma model with increased food intake and a Lewis
lung carcinoma model with decreased food intake. This contrast in food intake behaviour
between tumour-bearing (TB) mice in response to growth of the two different tumours
was used to distinguish between processes involved in cachexia and mechanisms
that might be important in food intake regulation. The hypothalamus was used for

transcriptomics (Affymetrix chips).

Results: In both models, hypothalamic expression of orexigenic neuropeptide NPY was
significantly higher compared to controls, suggesting that this change does not directly
reflect food intake status, but might be linked to negative energy balance in cachexia.
Expression of genes involved in serotonin signalling showed to be different between
C26-TB mice and LLC-TB mice and were inversely associated with food intake. In
vitro, using hypothalamic cell lines, serotonin repressed neuronal hypothalamic NPY
secretion, while not affecting messenger NPY expression, suggesting that serotonin

signalling can interfere with NPY synthesis, transport or secretion.

Conclusions: Altered serotonin signalling is associated with changes in food intake
behaviour in cachectic tumour-bearing mice. Serotonins’ inhibitory effect on food
intake under cancer cachectic conditions is probably via affecting the neuropeptide Y
system. Therefore, serotonin regulation might be a therapeutic target to prevent the

development of cancer-induced eating disorders.



Introduction

Anorexia and consequently a reduced caloric intake [1] affects a majority of all cancer
patients [2]. Cancer patients with good appetite and adequate caloric intake have higher
survival rates than patients who suffer from anorexia and hence a lower energy intake
[3, 4]. Cancer-induced anorexia is considered to be predominantly caused by failure
of orexigenic and anorexigenic food intake-regulating systems in the hypothalamus to
respond adequately to changes in energy balance [5]. This merits further elucidation
of the specific mechanisms involved in this hypothalamic resistance to peripheral
neuro-endocrine triggers. Several food intake regulating systems have been mentioned
to play a role in the onset of hypothalamic resistance, including the orexigenic triggers
neuropeptide Y and ghrelin and anorexigenic melanocortin and CART systems. Cancer
anorexia often develops during the progression of cachexia [6], and the combined clinical
picture is often called anorexia-cachexia syndrome [7]. Cachexia is a complex metabolic
syndrome associated with underlying illness and is characterized by progressive loss of
muscle (muscle wasting) with or without loss of fat mass. This results in weight loss, a
reduced quality of life and a shortened survival time [6, 8, 9]. Although anorexia is often
linked to cachexia and likely to be initiated by similar pathologies (tumour growth), it
is unclear to what extent anorexia and the metabolic alterations of cachexia affect each
other, or to what extent these are distinct entities with their own pathology. Here, we use
two tumour-bearing (TB) mouse models displaying similar development of cachexia. At
the same time they show opposite effects on food intake in response to tumour growth.
This provides opportunities to disentangle processes involved in anorexia from those
causing cachexia. By applying transcriptomics we show that tumour-induced cachexia
is associated with several distinct changes in food-intake regulating mediators in the
hypothalamus that appear to be independent of food intake status. Furthermore, we
found alterations in hypothalamic serotonin signalling and these changes were inversely
associated with food intake. In addition, we used hypothalamic cell lines to explore
the mechanisms involved in the interaction between serotonin and the NPY-ergic

system.
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Materials and methods

Lewis lung tumour model (LLM)

C57Bl/6 male mice (Harlan, Barcelona, Spain), weighing approximately 20 g, were placed
on a standard ad libitum diet (Panlab, Barcelona, Spain) and had free access to water.
Lewis Lung carcinoma cells were obtained from exponential tumours. Under general
anaesthesia, 0.5x10° cells were injected intramuscular in the hind leg. Four groups were
included: C, Control mice sacrificed at day 14 (n=6); TB-10, Tumour-bearing mice
sacrificed at day 10 (n=6); TB-14 Tumour-bearing mice sacrificed at day 14 (n=8) and
TB-17, Tumour-bearing mice sacrificed at day 17 (n=6). Body weight and food intake
were measured daily. At the day of sacrifice, mice were anesthetized with a ketamine/
xylazine mixture (i.p.; Imalgene® and Rompun® respectively) and blood was collected

by cardiac puncture.

C26 colon adenocarcinoma tumour model (C26)
Part of the data (Figure 4.1A) from this experimental arm with C26 TB mice have been
published previously [10], but are briefly described again here for easy comparison with

Lewis lung TB mice.

Male CDF1 (BALB/cx DBA/2) mice aged six-to-seven weeks (Harlan Nederland, Horst,
The Netherlands) were placed on a standard ad libitum diet (AIN93M, Research Diet
Services, The Netherlands) and had free access to water. Murine C26 adenocarcinoma
cells were cultured and suspended as described previously [11]. Under general
anaesthesia (isoflurane/ N,O/O,), 1 x 10° tumour cells in 0.2ml HBSS were inoculated
subcutaneously into the right inguinal flank. Controls were sham-injected with 0.2 ml
HBSS. Two groups were included: C, Control mice (n=6) and TB, Tumour-bearing (n=9).
Body weight and food intake were measured three times a week. At day 19, blood was

collected by cardiac puncture under general anaesthesia.

In both tumour models, animals were individually housed one week before start of the

experiment in a climate-controlled room (12:12 dark-light cycle; 21°C+1°C).

After sacrifice, brain, hypothalamus, tumour, organs and lower leg skeletal muscles
(non-tumour-leg) were weighted and frozen in liquid nitrogen and stored at -80°C.

Carcass weight was calculated by body weight at day of section minus tumour weight.
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Figure 4.1 Effect of tumour inoculation on food intake, carcass weight and muscle and fat weight in
two cachectic models.

A) Time-course of change in food intake in mice bearing the C26 tumour. B) Time course of change
in food intake of TB mice baring the Lewis lung carcinoma (LLC). C) Carcass weight of C26 TB mice at
day 19. D) Carcass weight of LLC TB mice at day 10, 14 and 17. E) Weight of m. Gastrocnemius (GSN)
and epididymal fat pads (WAT) in C26 TB mice at day 19. F) Weight of m. Gastrocnemius (GSN) and
epididymal fat pads (WAT) in LLC TB mice at day 10, 14 and 17. * Significantly different from C (P<0.05)
Data is expressed as mean + S.E.M. C=sham-injected control, TB = C26 injected TB, C-14 = sham-injected
control sacrificed at day 14, TB-10 = LLC injected TB sacrificed at day 10, TB-14 = LLC injected TB sacrificed
atday 14 and TB-17 = LL injected TB sacrificed at day 17. Carcass weight was calculated by body weight
at day of section minus tumour weight.

All experimental procedures were made in accordance with the European Community
guidelines for the use of laboratory animals and complied with the principles of good

laboratory animal care.
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Cell culture and reagents

Murine derived hypothalamic neuronal cell lines hypoE-46 and hypoA2/12 (CELLutions
Biosystems Inc. Canada) were grown and maintained in DMEM supplemented with
10% heat-inactivated fetal calf serum, 100 unit/ml penicillin and 100pg/ml streptomycin
at 37°C under 5.0% CO,. Cells were grown in monolayers to 90% confluency. Then
medium was replaced by serum-free DMEM containing penicillin and streptomycin.
After 4 hours, cells were exposed to serotonin (100 pg/ml, 1 pg/ml, 10 ng/ml or 100 pg/
ml) for 24 hours or 60mM KCl for 15 minutes. After exposure, supernatant was collected
and used for NPY measurements using an enzyme immunoassay (NPY EIA, Phoenix
Pharmaceuticals, CA, USA). Cells were homogenized in 40mM Tris, ImM EDTA, 5mM
EGTA and 0.50% Triton X-100. Homogenates were used to measure protein content
(Pierce Bicinchoninic acid Rockford, IL, USA). Serotonin cytotoxicity was determined
by measuring LDH leakage and effects on cell viability using an XTT conversion assay

(Roche Diagnostics, Mannheim, Germany).

Serotonin levels

Hypothalamic samples were used for micro array experiments, while remaining
brain parts were used to determine serotonin levels. Brains were homogenized in 1ml
containing in 40mM Tris, ImM EDTA, 5mM EGTA and 0.50% Triton X-100. Serotonin
levels were measured using enzyme-immunoassay kits (BAE-5900, LDN, Nordhorn,
Germany) and corrected for the amount of protein (Nanodrop spectrophotometer,

Thermo Scientific).

Statistics

Data was analysed by statistical analysis of variance (ANOVA) followed by a post hoc
Bonferroni test or by a Student’s t test. Differences were considered significant at a
two-tailed P<0.05. Statistical analyses were performed using Graphpad Prism 5. For

statistical analysis of microarray data see microarray section (below).

Microarray studies
Total RNA from the hypothalamus was isolated by using RNeasy Lipid tissue kit (Qiagen,
Venlo, The Netherlands). RNA concentrations were measured by absorbance at 260 nm

(Nanodrop). RNA quality was checked using the RNA 6000 Nano assay on the Agilent



2100 Bioanalyzer (Agilent Techologies, Amsterdam, The Netherlands) according to
the manufacturer’s protocol. For each mouse, total RNA (100ng) was labelled using the
Ambion WT expression kit (Life Technologies, Bleiswijk, The Netherlands). Micro-array

experiments were performed by using Affymetrix Mouse Gene ST 1.1.

From the C26 model experiment, 4 control samples and 5 samples from tumour-bearing
mice were included in this experiment; however 1 control sample gave multiple spots
on the array and was therefore excluded from analysis. The Lewis lung experiment

included 4 control, 5 TB-10, 7 TB-14 and 6 TB-17 samples.

Array data were analysed using an in-house, on-line system [12]. Briefly, probesets were
redefined according to Dai et al. [13] using remapped CDF version 15.1 based on the
Entrez Gene database. In total these arrays target 21,225 unique genes. Robust multi-
array (RMA) analysis was used to obtain expression values [14, 15]. We only took genes
into account that had an intensity >20 on at least 2 arrays, had an interquartile range
throughout the samples of >0.1, and at least 7 probes per genes. Genes were considered
differentially expressed at P<0.05 after intensity-based moderated t-statistics [16].
Further functional interpretation of the data was performed through the use of IPA
(Ingenuity® Systems, www.ingenuity.com). Canonical pathway analysis identified the
pathways from the IPA library of canonical pathways that were most significant to the
data set. Genes from the data set that met the cut-off of 1.3 fold change and p-value cut-
off of 0.05, and were associated with a canonical pathway in the Ingenuity Knowledge
Base were considered for the analysis. To list up genes involved in food intake regulation,
genes included in GO 0002023, GO 0007631, GO0008343, GO0060259, GO 0042755
(food intake, feeding behaviour and eating behaviour) were analysed (Gene Ontology:
tool for the unification of biology. The Gene Ontology Consortium (2000) Nature
Genet. 25: 25-29). Also genes POMC (ID 18976), GH ( ID:14599), Sst (ID: 20604) and
pro-melanin-concentrating hormone (ID:110312) were additionally looked at, since
they also have been described to play a role in food intake behaviour [17]. Array data
have been submitted to the Gene Expression Omnibus, accession numbers GSE44082
(C26 tumour) and GSE57190 (Lewis Lung tumour and hypothalamic cell lines). Data set
containing the array data on hypothalamic tissues of C26 TB mice has been published
previously [10].
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Results

Body weight and food intake

In both tumour models, TB mice showed a lower carcass weight, muscle weight and
white adipose fat mass (Figure 4.1) compared to their healthy controls, reflecting that
cachexia was present in mice bearing either the C26 or the Lewis Lung tumour. Food
intake changes in TB animals were found to differ between the two cachectic models.
Mice bearing the C26 tumour were found to increase their food intake synchronously to
loss of body weight [10], while mice bearing the Lewis lung carcinoma (LLC) showed a
lowered food intake from day 7 after tumour inoculation compared to controls (Figure
4.1 A and D). These opposing changes in food intake in TB mice in response to tumour
growth of the two different tumours are used to disentangle shared mechanisms of

cachexia from those important for food intake regulation.

Microarray analysis of the hypothalamus: comparison C26 and LLM

Expression of genes involved in food intake was analysed to determine if these could
explain the opposing changes in food intake between C26 TB and LLC TB mice. A list
of genes involved in food intake was generated by using GO categories involved in food
intake regulation (M&M). Fold changes of expression of orexigenic and anorexigenic
genes were compared between the two tumour models (Figure 4.2a). Interestingly,
changes in gene expression of important mediators of food intake regulation, NPY,
AgRP and POMC showed to be similar in C26 TB mice and LLC TB mice compared

to their controls even though food intake behaviour was different between the two

Figure 4.2 Heat map representation of gene expressions in the hypothalamus in C26 and LLC TB
mice.

A) Fold changes of orexigenic and anorexigenic genes relative to their control group were calculated
and compared between €26 and LLC TB mice.

B) Top 30 upregulated genes in C26 TB mice compared to their control and top 30 genes upregulated
genes in LLC TB mice compared to their control. 12 genes were overlapping between the C26 and LLC
tumour model.

Each row represents a gene and each column represents a group of animals.

Red colour indicates genes that were higher expressed as control and green colour indicates genes that
were lower expressed as the control. Black indicates genes whose expression was similar to compared
to control. ID: Entrez ID. C=sham-injected control, TB = C26 injected TB, C-14 = sham-injected control
sacrificed at day 14, TB-10 = LLC injected TB sacrificed at day 10, TB-14 = LLC injected TB sacrificed at day
14 and TB-17 = LLC injected TB sacrificed at day 17.



Figure 4.2a
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1D Description
11604  agouti related protein
109648  neuropeptide Y
18166 neuropeptide Y receptor Y1
18167 neuropeptide Y receptor Y2
18168 neuropeptide Y receptor Y5
208188  growth hormone secretagogue receptor
14599  growth hormone
58991  ghrelin
16846  leptin
16847  leptin receptor
244813  brain specific homeobox
227717  pyroglutamylated RFamide peptide
11421  angiotensin | converting enzyme 1
21869  NK2 homeobox 1
11754 amine oxidase, copper containing 3
19701  renin 1 structural
11606 angiotensinogen
20848  signal transducer and activator of transcription 3
11556  adrenergic receptor, beta 3
381073  neuropeptide W
22226  urocortin
217212 peptide YY
18441  purinergic receptor P2Y, G-protein coupled 1
18996 POU domain, class 4, transcription factor 1
110312  pro-melanin-concentrating hormone
207911 melanin-concentrating hormone receptor 1
223780  adrenomedullin 2
27220  CART prepropeptide
227331  GRBI1O interacting GYF protein 2
140477  diencephalon/mesencephalon homeobox 1
234219  helt bHLH transcription factor
50518 nonagouti
11804  amyloid beta (A4) precursor-like protein 2
12310 calcitonin/calcitonin-related polypeptide, alpha
21407  transcription factor 15
56183  neuromedin U
216749  neuromedin U receptor 2
68795  ubiquitin protein ligase E3 component n-recognin 3
70008  angiotensin | converting enzyme 2
11607 angiotensin |l receptor, type 1a
11608  angiotensin Il receptor, type 1b
22223 ubiquitin carboxy-terminal hydrolase L1
11820  amyloid beta (A4) precursor protein
108073  glutamate receptor, metabotropic 7
18212 neurotrophic tyrosine kinase, receptor, type 2
21336  tachykinin receptor 1
21338 tachykinin receptor 3
11540  adenosine A2a receptor
192285  PHD finger protein 21A
11444  cholinergic receptor beta polypeptide 2
13072 cytochrome P450, family 11
14810 glutamate receptor NMDA1
232339  ankyrin repeat domain 26
15171 hypocretin
387285  hypocretin (orexin) receptor 2
20604  Somatostatin
50933  ubiquitin carboxyl-terminal esterase L3
623503  prolactin releasing hormone
226278  prolactin releasing hormone receptor
72129  peroxisomal biogenesis factor 13
13134 dachshund 1
12804  ciliary neurotrophic factor receptor
12801  cannabinoid receptor 1 (brain)
12064  brain derived neurotrophic factor
12894  carnitine palmitoyltransferase 1a, liver
14652  glucagon-like peptide 1 receptor
14812  glutamate receptor NMDA2B
12424 cholecystokinin
12425  cholecystokinin A receptor
12918  corticotropin releasing hormone
12921  corticotropin releasing hormone receptor 1
18429 oxytocin
18430 oxytocin receptor
99296  histamine receptor H3
14419  galanin
22044 thyrotropin releasing hormone
68039  neuromedin B
18976  pro-opiomelanocortin-alpha
17202 melanocortin 4 receptor
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Figure 4.2b

Gene C26 Lm Lm Lm
1D escription

Hbb-b1 15129  hemoglobin, beta adult major chain

Len2 16819  lipocalin 2

Alas2 11656  aminolevulinic acid synthase 2, erythroid
Slcdal 20533  solute carrier family 4 (anion exchanger), member 1
Fam46c 74645  family with sequence similarity 46, member C
Rsad2 58185  radical S-adenosyl methionine domain containing 2
Isg20 57444  interferon-stimulated protein

Beta-s 100503605 hemoglobin subunit beta-1-like

Acer2 230379  alkaline ceramidase 2

vwf 22371 Von Willebrand factor homolog

Ube2l6 56791  ubiquitin-conjugating enzyme E2L 6

Gypa 14934 glycophorin A

Zbtb16 235320  zinc finger and BTB domain containing 16
Pglyrpl 21946  peptidoglycan recognition protein 1

Npy 109648  neuropeptide Y

Plin4 57435  perilipin 4

H2-Aa 14960  histocompatibility 2, class Il antigen A, alpha
Hif3a 53417  hypoxia inducible factor 3, alpha subunit
li1r1 16177  interleukin 1 receptor, type |

Ly6a 110454  lymphocyte antigen 6 complex, locus A

Mgp 17313 matrix Gla protein

Cxcl9 17329  chemokine (C-X-C motif) ligand 9

12rg 16186 interleukin 2 receptor, gamma chain

Ch25h 12642  cholesterol 25-hydroxylase

Agrp 11604  agouti related protein

Fnl 14268  fibronectin 1

Cd74 16149  CD74 antigen

A730020 100503044 RIKEN cDNA A730020M07 gene

Sultlal 20887  sulfotransferase family 1A, member 1

Lrgl 76905  leucine-rich alpha-2-glycoprotein 1

Osmr 18414  oncostatin M receptor

Phyhd1 227696  phytanoyl-CoA dioxygenase domain containing 1
Ppbp 57349  pro-platelet basic protein

Scgb3al 68662  secretoglobin, family 3A, member 1

Agxt2l1 71760  alanine-glyoxylate aminotransferase 2-like 1
Tekt4 71840  tektin 4

Gh 14599  growth hormone

Prl 19109  Prolactin

Gabrr2 14409  gamma-aminobutyric acid C receptor
Stab2 192188  stabilin 2

Mir181b 723890  microRNA 181b-1

Cypafls 106648  cytochrome P450, family 4, polypeptide 15
Mpz 17528  myelin protein zero

Mir379 723858  microRNA 379

Olfr117 546770  olfactory receptor 1175, pseudogene
Mird11 723936  microRNA 411

Mir98 723947  microRNA 98

Thrl 21375  T-box brain gene 1

models. Furthermore gene expression of oxytocin showed to be altered in TB mice
compared to controls and differed between the two models. In addition, analysis of
highly upregulated genes (top 30 upregulated genes in TB mice compared to controls)
in both tumour models was performed. There was a strong overlap of genes that were
highly upregulated in both C26 TB and LLC TB mice compared to their controls,
including NPY and AgRP. Furthermore, expression of inflammatory markers lipocalin
2, leucin-rich a2-glycoprotein 1, secretoglobin 3al and oncostatin M receptor showed
to be highly upregulated in TB mice in both models. Taken together this suggests that

major alterations in hypothalamic mechanisms are similar for both tumour models.
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Microarray analysis of the hypothalamus: serotonin signalling

We hypothesized serotonin to play a crucial role in the opposing food intake behaviour
between the C26 tumour and the LLC tumour model. Therefore, expression levels of
genes involved in serotonin signalling were compared between the two tumour models.
C26 TB mice expressing compensatory eating behaviour in response to weight loss,
showed altered serotonin signalling and lower brain serotonin levels compared to their
controls. In LLC TB mice, genes involved in serotonin signalling showed a different
expression pattern compared to C26 TB mice. Expression of tryptophan hydroxylase
(tph) was strongly downregulated in C26 TB mice compared to controls, while expression
of this gene was not different from controls in LLC TB mice. Expression of ddc and vmat,
genes involved in serotonin synthesis and serotonin release, respectively showed to be
downregulated in C26 TB mice, whereas LLC TB mice showed higher expression of
these genes (Figure 4.3B). Serotonin brain levels in LLC TB mice showed to be slightly
elevated at day 10, just after the onset of anorexia, while levels were lower in C26 TB

mice compared to controls (Figure 4.3C).

Hypothalamic cell lines: Effect of serotonin on messenger NPY and NPY
secretion

Murine derived hypothalamic cell lines hypoE-46 and hypoA-2/12 were 24 hours
exposed to serotonin (100 pg/ml — 100 ug/ml). Serotonin showed to decrease NPY
secretion in the hypoE-46 cells, while it did not have any effect on messenger NPY
(Figure 4.4). In HypoA- 2/12 cells, serotonin did not have an effect on either NPY
secretion or NPY gene expression. Basal expression level of serotonin receptors 5SHT1b,
5HT1d, 5HT2a and 5HT2b showed to be significantly different between the two cell
lines (Table 4.1). The effect of serotonin on gene expression of 5SHT receptors was not
different between the two cell lines, except for 5HT2b, which was downregulated in

HypoE-46 cells and upregulated in HypoA-2/12 cells after serotonin exposure.

Discussion

Cancer anorexia has been explained by an inability of the hypothalamus to respond
adequately to triggers from the periphery during a situation of negative energy balance

[18]. Here, we show that this impaired response of food-intake control is associated with
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4Ddc 13195 dopa decarboxylase

S5VMAT -1.7 214084 solute carrier family 18 member 2

6SERT -2.3 15567 solute carrier family 6 member 4

7Aldhlal -1.7] 11668 aldehyde dehydrogenase family 1 Al
Aldhla2 -1.6 19378 aldehyde dehydrogenase family 1 A2
Maoa 17161 monoamine oxidase A
Maob 109731 monoamine oxidase B

8Htrla 15550 5-hydroxytryptamine (serotonin) receptor 1A
Htrlb 15551  5-hydroxytryptamine (serotonin) receptor 1B
Htrld 15552  5-hydroxytryptamine (serotonin) receptor 1D
Htr1f 15557  5-hydroxytryptamine (serotonin) receptor 1F
Htr2a 15558  5-hydroxytryptamine (serotonin) receptor 2A
Htr2b 15559  5-hydroxytryptamine (serotonin) receptor 2B
Htr2c 15560 5-hydroxytryptamine (serotonin) receptor 2C
Htr3a 15561  5-hydroxytryptamine (serotonin) receptor 3A
Htr3b 57014 5-hydroxytryptamine (serotonin) receptor 3B
Htrd 15562 5 hydroxytryptamine (serotonin) receptor 4
Htr5a 15563  5-hydroxytryptamine (serotonin) receptor 5A
Htr5b 15564  5-hydroxytryptamine (serotonin) receptor 5B
Htré 15565  5-hydroxytryptamine (serotonin) receptor 6
Htr7 15566 5-hydroxytryptamine (serotonin) receptor 7

Figure 4.3 Serotonin signalling in C26 and LLC TB mice.

A) Schematic view of genes involved in serotonin signalling. B) Serotonin level in brain relative to
control mice in C26 and LLC TB mice. C) Heat map of fold changes of expressions of genes involved in
serotonin signalling. Values are expressed as mean + SEM. C = sham-injected control, TB= injected with
1 x 10° tumour cells, DNTP = 7,8-dihydroneopterin Triphosphate, 6PTS = 6-pyruvoyl-Tetrahydropterin,
g-dbt = g-dihydrobiopterin, TRP = tryptophan, 5HT = 5-hydroxytryptamine (serotonin), MAO = mono
amine oxidase, ALDH = aldehyde dehydrogenase.
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altered serotonin signalling and probably stunted NPY posttranscriptional regulation
in the hypothalamus. In addition this serotonin regulation and brain serotonin levels
were inversely associated with food intake. In vitro, serotonin was found to modulate
NPY release by hypothalamic neurons. Taken together, this suggests that serotonin is

likely to play a crucial role in the failure of the NPYergic system during cancer anorexia.

By comparing two cancer models sharing common characteristics of tumour-induced
muscle wasting and fat loss, while displaying opposite effects on food intake behaviour,
we are able to disentangle anorexia from cachectic processes. Peripheral markers for
cachexia reflecting weight loss, muscle loss and fat loss were comparable between
the two tumour models. In addition, the most prominently (t op30 based) induced
hypothalamic genes compared to healthy controls, showed to be similar between the two
models. This suggests that there is a common subset of genes that is strongly induced
during tumour growth and progression of cachexia, despite the differences in type of
tumour, inoculation site, strain of mice and independent from effects on food intake
behaviour. These changes might represent markers for cachexia or tumour-induced
inflammation as gene expression of strongly up-regulated inflammatory genes was

overlapping between the two models.
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Figure 4.4 Effect of serotonin on messenger NPY and NPY secretion in hypothalamic cells.

Murine derived hypothalamic cell lines were 24 hours exposed to various concentrations serotonin. KCL
was used to depolarize cells (positive control). A) Effect of serotonin on NPY secretion in HypoE-46 and
HypoA-2/12 cells. B) Effect of serotonin on NPY gene expression in HypoE-46 and HypoA-2/12 cells. *
Significantly different from C (P<0.05). Data are expressed as mean + SEM.
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Interestingly, also a majority of genes involved in food intake regulation showed to be
similar between the models, even though ultimate effects on food intake were different
for the two models. Food intake and drive to eat are the outcomes of numerous metabolic,
physiological and behavioural cues including satiety, hunger and reward and learning.
Therefore, changes on individual genes are difficult to interpret, as the impact on
food intake is not similar between these single genes. Furthermore, it might be that,
considering the complexity of food intake regulation, by using GO classification on
food intake behaviour, some genes are ignored that might be important as well. Finally,
alimitation of the current set-up is that we study expression in the hypothalamus only.
Although the hypothalamus is a crucial site of food intake regulation, not all processes
involved in food intake are regulated in the hypothalamus [19]. Gene expression of NPY,
one of the most potent food stimulating neuropeptides in the hypothalamus [20], showed
to increase in both C26 TB and LLC TB mice and was among the strongest induced
genes in both models. This suggests that expression of NPY in cachectic TB mice is
independent of food intake status. NPY is considered to act as a sensor and regulator of
energy balance by altering food intake in energy deficits, which is supported by findings
that NPY is stimulated in conditions of negative energy balance like food restriction
[21], food deprivation [22, 23], and exercise [24, 25]. Several studies have shown that in
cachectic TB rodents, NPY mRNA in the hypothalamus is elevated [26-29]. However,
this elevation of mRNA NPY does not reflect food intake behaviour [27, 29] and does
not correspond to NPY levels in the hypothalamus [27]. In contrast to these elevated
messenger NPY levels, anorectic TB rodents have lower PVN hypothalamic NPY levels
[30, 31] and lower NPY immunostaining of fibres innervating various hypothalamic
nuclei [32]. On the other hand, mice bearing an A375 tumour that do not suffer from
cachexia and weight loss, did not show this elevation of NPY mRNA [26], suggesting
that cachexia is an important trigger in stimulation of NPY mRNA. This might explain
that in both the C26 model and LLC model, messenger NPY was highly upregulated
in TB mice compared to controls, despite their difference in food intake behaviour.
Consequently, we hypothesize that failure of the NPY-ergic system taking place at a
post-transcriptional level, for example by impaired translation, synthesis, transport or

secretion, plays a role in the development of tumour-induced anorexia.

In this study, we also found serotonin signalling to be differently regulated between two
types of tumour-induced cachexia models, in addition to their opposed effects on food

intake behaviour In C26 TB mice, serotonin signalling was strongly down-regulated
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and inversely associated with an increased food intake. Anorectic Lewis Lung TB mice
displayed less pronounced changes in transcript levels of gene involved in serotonin
signalling compared to C26 TB mice. Moreover, transcriptional regulation was different
from mice bearing C26 tumour. Furthermore, brain serotonin levels were significantly
elevated in TB mice at day 10 compared to controls, shortly after the manifestation
of anorexia. This effect was less clear at day 14 and day 17, suggesting that effects on
serotonin are more prominent during the initial stages of anorexia development. It has
been postulated that cancer anorexia develops by waves of brain activation [33], each
of them not necessarily mediated by the same mediators. It could be that serotonin
might play a role in the initiation of anorexia. Hypothalamic serotonin is an important
mediator in the regulation of satiety and hunger [34]. In cancer-induced anorexia,
serotonin is considered a key player in the induction of anorexia [35, 36]. In rodents,
tumour-driven elevation of hypothalamic serotonin has been associated with reduced
food intake [31, 37, 38]. Furthermore, this elevation of serotonin was not present in the
pair-fed control group, meaning that reduced food intake itself does not result in an
elevation of hypothalamic serotonin. In humans, a practical and non-invasive method
to measure site-specific changes on serotonergic activity in the hypothalamus is not
yet available, but increased levels of tryptophan, the precursor of serotonin, have been

measured in cerebral spinal fluid of cancer anorectic patients [39].

The exact mechanism on how serotonin is able to regulate food intake is not yet under-
stood. A cross interaction of serotonin with NPY-ergic system has been discussed [31].
Serotonin signalling is negatively associated with NPY activity [40-42]. Active lowering
of serotonin levels results in increased NPY levels [43], while induction of 5-HT
signalling showed to reduce NPY levels in rat hypothalamus [44]. More importantly,
serotonin is able to repress food intake, despite weight loss-induced elevation of
messenger NPY [45], suggesting that serotonin might act as an interfering factor
between transcription and NPY secretion. Therefore, we hypothesized that serotonin
might interfere with NPY signalling at a post transcriptional level. In this way, it could
play a role in post-transcriptional failure of the NPY system during certain forms of

cancer.

To determine serotonin’s ability to repress NPY secretion, we used two murine derived
hypothalamic cell lines. We showed that serotonin is able to reduce NPY secretion

in HypoE-46 cells, a cell line suggested to originate from the PVN [46], without



affecting NPY gene expression, supporting the hypothesis that serotonin acts post-
transcriptionally. Serotonin did not have an effect on NPY secretion in HypoA- 2/12
cells a cell line suggested to originate from the arcuate nucleus (ARC) or supraoptic
nucleus [47]. In lean and obese Zucker rats, increased levels of serotonin, induced by
chronic administration of fluoxetine, resulted in reduced food intake and reduced levels
of NPY in the PVN, but not in the ARC and other areas of the hypothalamus [40]. This
suggests that NPY release by PVN neurons is more sensitive to serotonin and might

explain the difference in response to serotonin between the two cell lines.

The two cell lines did not show differences in their general response to serotonin as
reflected by expression of genes involved in serotonin signalling. An exception to this was
the effect of serotonin on expression of the 5HT2a receptor, which was down-regulated
in response to serotonin in the HypoE-46 and up-regulated in the HypoA-2/12 cell line.
Moreover, basal expression of 5HT'1b and 5HT2a, 5HT2b and 5HT2c differed between
the two cell lines. In the ARC nucleus, serotonin has been reported to inhibit NPY
release by hyperpolarization of AgRP/NPY neurons via SHT'1b receptors [48]. The role
of 5HT2 receptors might be a target for further research on their role in NPY regulation.
However, as NPY secretion is via granule exocytosis [49], also a receptor independent
process like serotonylation of GTPases might be implicated. Serotonylation is a process,
where intracellular serotonin is able to activate small GTPases via transamination.
Dependent on the type of GTPases that are activated, several processes dependent on
granule exocytosis can be affected, which has been reported for insulin secretion by

pancreatic B cells [50] or platelet aggregation [51].

In this study, we provide evidence that cancer anorexia might be due to post transcrip-
tional failure of the NPY-ergic system in the hypothalamus to respond to increased
energy requirement in cancer cachexia. We show that serotonin is able to affect NPY
secretion in vitro. In addition, serotonin signalling is found to be altered in TB mice,
suggesting that serotonin might play a crucial role in failure of hypothalamic NPY

signalling and subsequently the development or sustainment of cancer anorexia.
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Abstract

Anorexia can occur as a serious complication of chronic disease. Increasing evidence
suggests that inflammation plays a major role, along with a hypothalamic dysregulation
characterized by locally elevated serotonin levels. The present study was undertaken
to further explore the connections between peripheral inflammation, anorexia and
hypothalamic serotonin metabolism and signaling pathways. First, we investigated
the response of two hypothalamic neuronal cell lines to TNFa, IL-6 and LPS. Next, we
studied transcriptomic changes and serotonergic activity in the hypothalamus of mice
after intraperitoneal injection with TNFa, IL-6 or a combination of TNFa and IL-6.
In vitro, we showed that hypothalamic neurons responded to inflammatory mediators
by releasing cytokines. This inflammatory response was associated with an increased
serotonin release. Mice injected with TNFa and IL-6 showed decreased food intake,
associated with altered expression of inflammation-related genes in the hypothalamus.
In addition, hypothalamic serotonin turnover showed to be elevated in treated mice.
Opverall, our results underline that peripheral inflammation reaches the hypothalamus
where it affects hypothalamic serotoninergic metabolism. These hypothalamic changes
in serotonin pathways are associated with decreased food intake, providing evidence

for a role of serotonin in inflammation-induced anorexia.



Introduction

Loss of appetite (anorexia) leading to insufficient food intake is often seen in chronic
illnesses including cancer, HIV and COPD. A chronically elevated increased inflammatory
tone is considered one of the major drivers of anorexia in these diseases. Studies suggest
that an ongoing elevated inflammatory tone in the hypothalamus, displaying the highest
density of various cytokine receptors in the brain [1], is implicated in these disturbances
in food intake. Inflammatory mediators affect important orexigenic and anorexigenic
regulators including NPY [2] and POMC [3, 4] peptides in the hypothalamus. Cytokines
and other pro-inflammatory signalling molecules from the periphery are able to reach
the hypothalamus passing the blood brain barrier (BBB) [5-7]. In addition, de novo
synthesis of various cytokines in the hypothalamus has been reported [8]. To trigger
these processes, sensing of peripheral signals in the adjacent median eminence [9, 10]

and activation of hypothalamic microglial and astrocyte cells [11, 12] might be crucial.

We previously described changes in hypothalamic serotonin signalling in rodent tumour
models displaying sever body wasting (cachexia). These changes in serotonin formation
were inversely associated with food intake [13]. This is in line with findings in a variety
of chronic illnesses, where increased hypothalamic serotonin has been implicated
for its role in the development of disease-associated anorexia [14-17]. Hypothalamic
serotonin plays an important role in food intake, since it is able to respond to peripheral
signals on energy status [18-20] and it is able to modulate anorexigenic and orexigenic
signalling in the hypothalamus. Serotonin is able to affect food intake via activation of
the anorexigenic melanocortin system involving 5HT2c receptors [21] and by inhibition
of the orexigenic NPYergic system [15, 22]. Furthermore, reduction of brain serotonin
by reducing availability of its precursor tryptophan (TRP) (Figure 5.1) has been shown

to be beneficial in the treatment in anorexia during cancer [23].

In the present study, we investigated the anorexigenic effects of TNFa and IL-6,
cytokines that are often elevated during chronic illness, on hypothalamic serotonin
signalling. To test physiologically relevant concentrations of TNFa and IL-6 in illness,
we included two combinations containing both TNFa and IL-6 that reflected plasma
levels measured in C26 adenocarcinoma tumour-bearing mice or Lewis Lung tumour-
bearing mice respectively [13, 24]. We show that these cytokines when administered
intraperitoneally (ip) induce changes in the hypothalamic transcriptome consistent

with changes in inflammatory pathways and serotonin signalling. Furthermore, these
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Figure 5.1 Serotonergic transmission in neurons.

Conversion of tryptophan (TRP) to serotonin (5HT) is catalysed by TPH and DDC. Serotonin is then, by
transportation via VMAT, stored into vesicles before it can be released into the synaptic cleft. There,
serotonin signalling resulting from binding to serotonin receptors (5HTR) can be terminated by the
reuptake of serotonin via SERT transporter. Once serotonin is taken up into the presynaptic neuron it
is degraded by MAO and ALDH to 5-HIAA, which is considered a marker for serotonergic activity and
measurable for a longer period compared to levels of secreted serotonin.

TRP, tryptophan; TPH, tryptophan hydroxylase; 5-HT, serotonin; 5HTR, serotonin receptor; 5-HIAA, 5
hydroxyindolacetic acid; DDC, Dopadecarboxylase; VMAT, vesicular monoamine transporter; SERT,
serotonin reuptake transporter; MAO, monoamine oxidase; ALDH, aldehyde dehydrogenase.

cytokines alter hypothalamic levels of serotonin’s main metabolite 5-HIAA (Figure 5.1),
indicating that synaptic serotonin release [25, 26] and serotonin turnover [27, 28] is

affected by inflammation.

Materials and methods

Cell culture and in vitro studies with IL-6, TNFa and LPS

Murine derived hypothalamic neuronal cell lines hypoE-46 and hypoA2/12 (CELLutions
Biosystems Inc. Canada) were grown and maintained in DMEM supplemented with 10%
heat-inactivated fetal calf serum, 100 units/ml penicillin and 100ug/ml streptomycin

at 37°C under 5.0% CO,. Cells were grown in monolayers to 90% confluency. Then



medium was replaced by serum-free DMEM containing penicillin and streptomycin.
After 4 hours, cells were exposed to LPS (1 pg/ml), TNFa (100 pg/ml), IL-6 (100 pg/
ml) for 24 hours, or KCI (60 mM) for 15 minutes. After exposure, supernatant was
collected to measure levels of serotonin (BAE-5900, LDN, Nordhorn, Germany), IL-6
(DY406, Abingdon, UK), TNFa (DY410, Abingdon, UK) and MCP-1 (DY479, R&D
systems, Abingdon, UK) by enzyme-immuno assay. Cells were homogenized in 40mM
Tris, ImM EDTA, 5mM EGTA and 0.50% Triton X-100. Homogenates were used to
measure 5-hydroxyindoleacetic acid (5-HIAA) by ELISA (MBS261481, MyBiosource,
Breda, The Netherlands) and corrected for total protein content (Pierce Bicinchoninic
acid Rockford, IL, USA). Cytotoxicity was determined by measuring LDH leakage and
cell viability using an XTT conversion assay (Roche Diagnostics, Mannheim, Germany).

All experiments were performed three times in quadruplicate.

Animals

C57BL/6 male mice (Harlan, Horst, The Netherlands), weighing approximately 20 g,
were individually housed one week before start of the experiment. Mice were maintained
ona 12 hour light:12 hour dark cycle in a climate-controlled room (21°C+1°C). Standard
diet was ad libitum available during the entire experiment from one hour prior to dark
phase until start of the light phase (Arie Blok B.V, Woerden, and The Netherlands).
Water was freely available 24 hours a day. Food intake, water intake and body weight

were monitored daily from one week prior to the end of the experiment.

All experimental procedures were made in accordance with the European Community
guidelines for the use of laboratory animals and complied with the principles of good

laboratory animal care.

Experimental set-up

Mice were injected intraperitoneal (ip) with 50ul of saline vehicle (G-Biosciences,
St.Louis, USA), TNFa (Peprotech, London, UK), IL-6 (Peprotech, London, UK), or
both TNFa and IL-6. The study included 6 groups: Control, TNFa, IL-6 Low, IL-6
High, TNFa + IL-6 Low and TNFa + IL-6 High (Table 5.1). The rationale to study
different doses and combinations of IL-6 was based on our previous observations in
mouse tumour models and the generally recognized central role of IL-6 as link between

cancer and inflammation [13, 24]. Combinations TNF + IL-6 Low and TNF + IL-6 High
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Table 5.1 Experimental groups

Group Nr of mice Treatment (ip injection 50ul sodium chlorine)
Control 12 Sodium chloride 0.9%

TNF 12 15 pg TNFa

IL-6 Low 12 50 pg IL-6

IL-6 High 12 800 pg IL-6

TNF + IL-6 Low 12 50 pg IL-6 + 15 pg TNFa

TNF + IL-6 High 12 800 pg IL-6 + 15 pg TNFa

reflect plasma levels measured in C26 tumour-bearing mice and Lewis Lung tumour-
bearing mice respectively. Each group included 12 mice, of which 6 mice were used for
determination of hypothalamic metabolites and 6 mice were used for hypothalamic gene
expression analysis. Mice were injected one hour prior to the dark phase. Five hours
after injection, blood was collected by cardiac puncture under general anaesthesia. After
sacrifice, brain, hypothalamus and organs were weighted, frozen in liquid nitrogen and
stored at -80°C.

Hypothalamic metabolites 5-HT, 5-HIAA, DA, DOPAC and TRP

Hypothalamus tissue was homogenised by sonication in 10 pL of 0.5 M perchloric
acid per mg of tissue and stored at -80°C until analysis. Concentrations of DA, 5-HT,
DOPAC, 5-HIAA and TRP were determined by HPLC with tandem mass spectrometry
(MS/MS) detection, using deuterated internal standards of the analytes. Of each LC-MS
sample, an aliquot was injected onto the HPLC column by an automated sample injector
(SIL10-20AC-HT, Shimadzu, Japan). Chromatographic separation was performed on a
SynergiMax column (100 x 3.0 mm, particle size 3 um) held at a temperature of 35°C.
The mobile phases consisted of A: ultrapurified H,O + 0.1% formic and B: acetonitrile:
ultrapurified H,O (75:25) + 0.1% formic acid. Elution of the compounds proceeded using
asuitable linear gradient at a flow rate of 0.3 mL/min. The MS analyses were performed
using an API 4000 MS/MS system consisting of an APT 4000 MS/MS detector and a
Turbo Ion Spray interface (Applied Biosystems, the Netherlands). The acquisitions on
API 4000 were performed in positive ionization mode for 5-HT, DA and TRP and in
negative mode for 5-HIAA and DOPAC, with optimized settings for the analytes. The

instrument was operated in multiple-reaction-monitoring (MRM) mode.
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Data were calibrated and quantified using the Analyst data system (Applied Biosystems,
version 1.6.2, the Netherlands). Concentrations in experimental samples were calculated

based on the calibration curve in the corresponding matrix.

Hypothalamic transcriptomics (microarray)

Total RNA from the hypothalamus was isolated by using RNeasy Lipid tissue kit (Qiagen,
Venlo, The Netherlands). RNA concentrations were measured by absorbance at 260 nm
(Nanodrop). RNA quality was checked using the RNA 6000 Nano assay on the Agilent
2100 Bioanalyzer (Agilent Techologies, Amsterdam, The Netherlands) according to the
manufacturer’s protocol. For each mouse, total RNA (100 ng) was labelled using the
Ambion WT expression kit (Life Technologies, Bleiswijk, The Netherlands). Micro-
array experiments were performed by using Affymetrix Mouse Gene 1.1 ST arrays. In
the TNFa treated group, 1 sample gave multiple spots on the array and was therefore
excluded from analysis. Array data were analysed using an in-house, on-line system
[29]. Briefly, probesets were redefined according to Dai et al. [30] using remapped CDF
version 18.0.1 based on the Entrez Gene database. In total these arrays target 21,266
unique genes. Robust multi-array (RMA) analysis was used to obtain expression values
[31, 32]. We only took genes into account that had an intensity >20 on at least 3 arrays
and at least 7 probes per genes. Genes were considered differentially expressed at P<0.05
after intensity-based moderated t-statistics [33]. Further functional interpretation of the
data was performed through the use of IPA (Ingenuity® Systems, www.ingenuity.com).
Genes from the data set that met the cut-off of 1.2 fold change and p-value cut-off of 0.05
were considered for the analysis. Upstream regulators were identified by using cut-off
values of z-score>1.96 and z-score<-1.96 combined with P<0.05. Furthermore for this
upstream regulators analysis, only endogenous metabolites were considered (chemical
drugs and compounds were excluded from analysis). Array data have been submitted

to the Gene Expression Omnibus (GEO), accession number GSE69151.

Plasma cytokines and gut hormones

Plasma levels of TNF-a, amylin (Active), C-Peptide 2, ghrelin (Active), GIP (Total),
GLP-1 (Active), glucagon, IL-6, insulin, leptin, MCP-1, Pancreatic Peptide (PP), PYY
and resistin were measured using the 12-plex Mouse Metabolic Hormone Magnetic bead

panel (Merck Millipore, Amsterdam, The Netherlands). Serum amyloid was measured
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in liver homogenates using SAA mouse ELISA kit (Life technologies, Bleiswijk, The
Netherlands).

Statistics
Data were analysed by statistical analysis of variance (ANOVA) followed by a post hoc
Bonferroni test or by a Dunnet test. Differences were considered significant at a two-

tailed P<0.05. Statistical analyses were performed using Graphpad Prism 5.

Results

IL-6, TNFa and LPS increase 5HT and 5-HIAA in hypothalamic cell lines
Exposure of hypothalamic cell lines hypoE-46 and hypoA2/12 to IL-6 (100 pg/ml),
TNFa (100 pg/ml) and LPS (1 pg/ml) for 24 hours stimulated serotonin (5HT) release
into the medium. Furthermore, levels of intracellular 5-hydroxyindoleacetic acid (5-
HIAA) were elevated after exposure to IL-6, TNFa and LPS in both cell lines. Both cell
lines produced IL-6 when exposed to IL-6, since levels detected were 4-6 fold higher
than exposed levels. In addition, both cell lines produced MCP-1 when exposed to LPS
and IL-6. Compared to IL-6 and LPS, TNFa showed to be less potent in inducing the
production of MCP-1 and IL-6 (Figure 5.2). No TNFa release was detected (data not
shown) after exposure to IL-6, TNFa or LPS.

IL-6 and TNFa reduce food intake in mice

Hourly food intake remained constant in control animals during the entire study
period. In cytokine treated mice, food intake curves started to deviate from 2 hours
after injection, becoming significantly lower 4 hours after injection in the TNFa, IL-6
high, IL-6 Low + TNFa and IL-6 High + TNFa groups, compared to controls (Figure
5.3). These effects did not differ between cytokine treatments. After 5 hours of injection,

food intake between all groups was similar again.

Plasma levels of cytokines and serum amyloid A levels in liver were measured 5 hours
after injection. There were three groups with significant changes in plasma TNFa, IL-6
or liver SAA levels: the two combination groups and the IL-6 high group. Plasma TNFa

was significantly higher in the two combination groups, while IL-6 was increased in the
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Figure 5.2 Effect of TNFa, IL-6 and LPS on 5-HIAA, 5HT, IL-6 and MCP-1 in HypoE-46 and mHypoA-2/12
cells.

Murine derived hypothalamic cell lines were 24 hours exposed to various concentrations TNFa (100
pg/ml), IL-6 (100 pg/ml) and LPS (1 pg/ml). KCL was used to depolarize cells (positive control for 5HT).
A and B) Intracellular 5-HIAA and secretion of 5HT in HypoE-46 (A) and HypoA-2/12 cells (B).

Cand D) Production of IL-6 and MCP-1 in HypoE-46 (C) and HypoA-2/12 cells (D). Data are expressed as
mean = SEM (n=3).

IL-6 high and the TNF+ IL-6 Low group. The elevation of the other combination group
did not reach significance. Liver SAA was only significantly increased in the IL-6 high
group (Figure 5.3). Plasma levels of MCP-1, leptin, resistin, PYY, amylin, GIP, GLP-1
and insulin were not different between groups (Supplemental data Figure S5.1). Ghrelin,

pancreatic peptide and glucagon plasma levels were below detection limit of the assay.

IL-6 and TNFa increase hypothalamic 5-HIAA and TRP
Total hypothalamic serotonin (5HT) tissue concentrations were not affected by

injection with TNF and/or IL-6 five hours after injection. However, serotonin’s
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Figure 5.3 Effect of injection with TNFa, IL-6 or both on food intake and plasma cytokines.

A) Time course of food intake after injection with TNFa, IL-6 or both.

B and C) IL-6 and TNFa plasma levels 5 hours after injection.

D) Level of serum amyloid 1 (SAA) in liver homogenates 5 hours after injection.

2 significantly different from control group (P<0.05), ® significantly different from TNF, IL-6 Low and IL-6
High group (P<0.05). Data is expressed as mean + SEM (n=12).
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metabolite, 5-hydroxyindoleacetic acid (SHIAA), showed to be significantly elevated in
hypothalamus homogenates of both the TNF + IL-6 Low and TNF + IL-6 High groups
compared to controls (Figure 5.4). These increases were more prominent than those
following injection with TNE, IL-6 Low and IL-6 High alone. Tryptophan (TRP) showed
to be significantly higher in mice injected with TNF+ IL-6 High compared to controls.
Hypothalamic levels of dopamine (DA) and its metabolite 3,4-dihydroxyphenylacetic
acid (DOPAC) showed no differences between groups (Figure 5.4).
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Figure5.4 Levelsoftryptophan, serotoninand dopamine and their metabolitesin the hypothalamus.
Effect of ip injection with TNFa, IL-6 or both on A) 5-hydroxyindoleacetic acid (5HIAA), B) Serotonin
(5HT), €) 3,4-Dihydroxyphenylacetic acid (DOPAC), D) Dopamine (DA) and E) Tryptophan (TRP).

2 significantly different from control group (P<0.05), ® significantly different from TNF, IL-6 Low and IL-6
High group (P<0.05). Data is expressed as mean + SEM (n=6).
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Hypothalamic transcriptome analysis: IL-6 and TNFa have similar effects
on serotonin signalling and inflammatory pathways

Expression of genes that were changed with a fold change greater than 1.5 compared
to controls were compared among the different groups, resulting in a list of 118 genes
(Figure 5.5). From these genes, 87 genes showed to be altered in a similar direction (either
up or down compared to controls) in at least 4 out of 5 treatment groups. Furthermore,
96 out of 118 genes were overlapping between animals from the TNF and IL-6 Low or
IL-6 High groups. Altogether this shows that induced changes on gene expression were
overall similar for treatment with TNF, IL-6 or the combination. More importantly, gene
expression of rate-limiting enzymes involved in the synthesis of 5HT, including Tph2
and expression of the serotonin-reuptake transporter, Slc6a4, were found to be among
these highly upregulated genes. Strongly down-regulated genes included those of two
important orexigenic regulators NPY and AgRP. Treatment effects showed to be similar
for NPY and AgRP and these were most prominent in the IL-6 Low and TNFa+ IL-6
Low groups (Figure 5.5). Using Ingenuity, upstream regulators that were present in at
least 3 treatment groups were listed (Table 5.2). Overall, this revealed an inflammatory
profile of upstream regulators, which included cytokines IFNy, TGFp and IL-6 and
the enzyme IKBKG which is an encoded protein of the IkB complex, and crucial for
activating NFkB. The Ingenuity database used included 75 IFNYy target genes of which
19 out of 27 had an overlap with IL-6 target genes, which might explain the mutual

presence of both these cytokines.

Discussion

Decreased food intake (anorexia) often occurs during conditions characterized by an
elevated inflammatory response. In this study we investigated the role of serotonin in

this decreased food intake during inflammation. Here, we show that both in vitro and

Figure 5.5 Gene expression changes in hypothalamus after ip injection with TNFa, IL-6 or both.

A and B) Top upregulated genes and top downregulated genes in treated groups compared to control
group. Each row represents a gene and each column represents a group of animals. Magenta colour
indicates genes that were higher expressed as control and green colour indicates genes that were lower
expressed as the control. Black indicates genes whose expression was similar to compared to control. ID:
Entrez ID. C and D) Relative gene expression compared to control group of NPY and AgRP.
2significantly different from control group (P<0.05), AgRP = Agouti related protein, NPY = neuropeptide
Y (n=6).
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Slc6a20a 102680 solute carrier family 6 member 20A
Osrl 23967 odd-skipped related 1
Aldhla2 19378 aldehyde dehydrogenase family 1 A2
Prgd 96875 proteoglycan 4
Acta2 11475 actinalpha 2
Slc22a6 18399 solute carrier family 22 member 6
Slc6al3 14412 solute carrier family 6 member 13
Cytll 231162 cytokine-like 1
Prl2c5 107849 prolactin family 2, subfamily ¢, member 5
Emp3 13732 epithelial membrane protein 3
Ogn 18295 osteoglycin
Csf2rb2 12984 colony stimulating factor 2 receptor
H3f3a 15078 H3 histone, family 3A
Olfr1354 259163 olfactory receptor 1354
Igfbp2 16008 insulin-like growth factor binding protein 2
Igf2 16002 insulin-like growth factor 2
Gprl82 11536 G protein-coupled receptor 182
Myl9 98932 myosin, light polypeptide 9, regulatory
Serpingl 12258 serine peptidase inhibitor member 1
Ssxbl 67985 synovial sarcoma breakpoint 1
Itih2 16425 inter-alpha trypsin inhibitor heavy chain 2
Slc22a8 19879 solute carrier family 22 member 8
Agrp 11604 agouti related protein
Olfr1162 258105 olfactory receptor 1162
H2-Aa 14960 histocompatibility 2, class Il antigen A
Olfr1362 258739 olfactory receptor 1362
Vtn 22370 vitronectin
Efempl 216616 epidermal growth factor 1
Gm11710 100043123 predicted gene 11710
Ighv1-63 780956 immunoglobulin heavy variable V1-63
Gm13931 668825 predicted gene 13931
Snord37 100217454 small nucleolar RNA, C/D box 37
Gemin6 67242 gem associated protein 6
Ranbp3l 223332 RAN binding protein 3-like
3110039M 67293 RIKEN cDNA 3110039M20 gene
Dcn 13179 decorin
Npy 109648 neuropeptide Y
MpzI2 14012 myelin protein zero-like 2
Pin4 69713 protein NIMA-interacting 4
Carl3 71934 carbonic anhydrase 13
Snora20 100303746 small nucleolar RNA, H/ACA box 20
Snord49a 100217455 small nucleolar RNA, C/D box 49A
Gm8096 666422 3-phosphoglycerate dehydrogenase
Bpifb9a 71425 BPI fold containing family B, member 9A
Travl2-1 630086 T cell receptor alpha variable 12-1
Cptlb 12895 carnitine palmitoyltransferase 1b
Igkv10-94 667550 immunoglobulin kappa variable 10-94
Gm13202 433806 predicted gene 13202
Apol9a 223672 apolipoprotein L 9a
Olfr403 404316 olfactory receptor 403
Tc2n 74413 tandem C2 domains, nuclear
Cga 12640 glycoprotein hormones, alpha subunit
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Table 5.2 Upstream regulators in hypothalamus after ip injection with TNFa and IL-6

Upstream regulators

TNF IL-6 Low IL-6 High TNF + IL-6 Low TNF + IL-6 High
Cytokines IFNG IFNG
IFNG IFNG IL6 IL6
IL6 IL6 PRL PRL IFNG
TGFB1 PRL TGFB1 TGFB1 TGFB1
Enzymes TGFBR1 TGFBR1
TGFBR1 IKBKG IKBKG
TGFBR1 IKBKG ALDH1A2 ALDH1A2
ALDH1A2 PARP9 PARP9 PARP9 TGFBR1
Transcription factors SRF
MKL1 SRF
SRF SMAD7 MKL1
MKL1 SMAD7 CEBPB CEBPB SRF
STAT1 CEBPB STAT1 STAT1 MKL1
IRF3 IRF3 IRF3 IRF3 SMAD?7

in vivo hypothalamic inflammation is associated with increased serotonergic activity.
Overall supporting the viewpoint that changes in hypothalamic 5HT signaling are

involved in anorexia resulting from inflammation.

Interestingly, we found that the two hypothalamic cell lines used here (HypoE-46 and
HypoA-2/12), which are derived from different neuronal populations of the hypothala-
mus, the PVN [34] and the ARC [35] respectively, are able to produce inflammatory
mediators when exposed to LPS, TNFa or IL-6. So far, studies on hypothalamic inflam-

mation have primarily focussed on the role of microglial and astrocyte activation [11,
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12, 36, 37]. However, it has been shown before that neurons also express high levels
of various cytokines [38] and that synthesis of cytokines occurs in response to blood-
borne inflammatory mediators [39]. This suggests that neurons may play a significant
role in development and sustainment of hypothalamic inflammation. Furthermore,
we showed that this inflammatory response in hypothalamic neurons coincided with
elevated serotonin secretion and increased intracellular 5-HIAA levels, reflecting an
increase in serotonin turnover. In the mice, injection with combinations of TNFa and
IL-6 resulted in increased hypothalamic 5-HIAA levels, while tissue serotonin levels
did not differ from controls. A possible explanation for this apparent difference could
be that in cell experiments, secreted serotonin was measured. However, in total tissue
homogenates, intracellular serotonin cannot be distinguished from serotonin released
into the synaptic cleft. Therefore, total tissue homogenate levels of serotonin do not
properly reflect its release, which has also been reported for other monoamines and
catecholamines [40]. However, 5-HIAA, the stable metabolic endproduct of 5HT is
considered to be a good reflection for serotonin release [41-43] and therefore widely

acknowledged as marker for serotonergic activity [25, 26].

Levels of 5-HIAA are measured in different matrices, models and diseases, including
various forms of depression and aggressive behaviour disorders, where measurement
of 5-HIAA gives better results than that of serotonin. Alterations on 5-HIAA are more
pronounced and long-lasting, while changes on serotonin can be rapidly diminished
[27, 44-46)].

In the current experimental setting, 5 HT and metabolites were measured 5 hours
after cytokine injection and it could be that alterations of serotonin levels had already
diminished by then. A similar reasoning might explain why elevated levels of serotonin’s
precursor, tryptophan (TRP), were only prominent in mice injected with the combina-
tion of the highest dose of IL-6 and TNFa. Tryptophan levels have been reported to rise
upon injection with cytokines depending on the type of inflammatory stimulus used.
However at the same time, this inflammatory response is associated with increased TRP

breakdown by indoleamine 2,3-dioxygenase m (IDO), to synthesize kynurenine [47, 48].

In plasma, levels of TNFa and IL-6 were not elevated in the groups treated with a single
cytokine. However, when these cytokines were given in combination, high levels of IL-6
and TNFa were measured. It is likely that clearance of the administered cytokines already

occurred within five hours following injection. For both TNFa and IL-6, complete clear-



ance from the circulation has been reported to occur within 6 hours after ip injection
[49, 50]. Furthermore levels of these cytokines have different temporal profiles, with
TNFa plasma being fast responsive and also more rapidly cleared than IL-6 from the

blood, but at the same time being more persistent in hypothalamus than IL-6 [51, 52] .

Food intake showed to decrease in all treated groups and there was no difference be-
tween the treatments. It appears that the lowest dose of IL-6 was sufficient to induce an
anorexigenic effect and that higher doses produced no additional anorexigenic activity.
This is in line with other reports showing that in contrast to other IL-6 effects, there is

no clear dose-dependency of IL-6 when it comes to its activity on food-intake [53, 54].

Whole genome gene expression profiles from the hypothalamus and the predicted in-
flammatory transcriptional regulators showed a high overlap between TNFa, IL-6 and
combination groups, indicating that responses of the different treatments were similar.
This might be explained by a production of similar cytokines by the host in response
to injection with IL-6 or TNFa. In hypothalamic tissue homogenates, increased levels
of IL-6 have been reported after injection with TNFa [55], which suggests that injec-
tion with TNFa also leads to activation of IL-6 signalling pathways. The strong down-
regulation of expression of two important orexigenic neuropeptide regulators NPY and
AgRP also showed to be similar between groups and corresponded to lower food intake
in treated groups. This decrease in expression induced by TNFa or IL-6 supports findings
that have been reported in a variety of experimental models including hypothalamic

injection with TNFa and genetic overexpression of hypothalamic IL-6 [56, 57].

Gene expression of two genes involved in serotonin signalling, showed to be upregulated
in mice treated with TNFa and IL-6. Serotonin has been reported to have an inhibiting
action on NPY [13, 58, 59], suggesting that the increase in serotonergic activity meas-
ured in treated mice, might be responsible for the effects on lower NPY expression in

these mice.

In summary, we show that TNFa and IL-6 induce similar inflammatory responses in
the hypothalamus and similar effects on food intake. This anorexigenic effect of TNFa
and IL-6 showed to coincidence with increased hypothalamic serotonergic activity,

providing further evidence for a role for serotonin in inflammation-induced anorexia.
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Supplemental Figure S5.1 Plasma levels of gut hormones.
Effect of ip injection with TNFa, IL-6 or both on A) Resistin, B) Peptide YY, C) Glucagon-like peptide (GLP-
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General discussion

The main aim of this thesis was to further unravel crucial processes involved in the
pathogenesis of anorexia during cancer. First, two different mouse models were used
to investigate the general processes involved in cancer cachexia. In both models,
tumour-induced cachexia (body wasting) was indeed strongly present, but opposing
responses in food intake occurred. Therefore, these models were taken as a starting
point to compare and disentangle processes primarily underlying cachexia and those
specifically involved in anorexia. The differences between the models are discussed below
(section Tumour mouse models to study human cancer). Furthermore, to determine
the contribution of inflammation to the development of anorexia, we used a cytokine-
induced anorexia model. Different concentrations of TNFa and IL-6 were injected in
healthy mice, thus inducing an acute inflammatory response. The injected cytokine
doses were estimated from plasma levels measured in tumour bearing (TB) mice. In this
model, cachexia was absent and the acute inflammatory response exclusively induced
anorexia. The usefulness and limitations of this acute inflammatory anorectic model
to study food intake regulation during chronic illness are also discussed below (section
Acute versus chronic inflammation). We identified serotonin signalling to be important
in food intake regulation during cancer and showed that serotonin turnover was also
modulated by inflammatory mediators. Finally, we used hypothalamic neuronal cell
lines to mechanistically study the interactions between inflammation and the serotonin
system. Altogether, we show that hypothalamic inflammation as a result of chronic illness
is an important trigger in the failure of hypothalamic food intake regulation. Next, we
provide evidence for the involvement of serotonergic pathways, acting as an upstream

modulator of various orexigenic and anorexigenic systems.

Tumour mouse models to study cancer and their
translation to humans

In chapter 3 and 4, we used two tumour mouse models to study cancer-induced changes
in hypothalamic processes involved in food intake. We showed that differences in food
intake behaviour were inversely associated with changes in expression of genes involved
in serotonin signalling. When using animal tumour models to investigate pathological
processes in human diseases it is important to realise that at one hand animal models
provide an intermediate step between in vitro and human experiments and that at the

other hand their translational value towards humans remains a topic of considerable



controversy. There are several factors that limit the usefulness of animal models in this
respect, including the great variety of animal models in use and their lack of predictive
value for the highly heterogeneous group of cancers as they occur in human patients.
In the following sessions, therefore, specific parts involved in the ability to translate our

obtained results to the human situation are discussed.

Heterogeneity of patient population

The population of patients suffering from cancer and the disease itself are highly
heterogeneous. Validation or verification of biomarkers identified in smaller patients
groups often fails in larger cancer population studies. As a result less than 3% of identified
potential cancer biomarkers have found their way to the clinic [1]. Even within a patient
group that suffers from a similar cancer type, there are numerous differences, including
age, gender, disease state, nutritional status, environmental factors and immune status,
that all contribute to course of the disease. Consequently, investigational treatments that
show promising effects in smaller subpopulations are often producing disappointing
results in larger study groups [2]. At the same time, specific genetic profiling of
tumours appear to be a promising approach for treatment of various cancer types [3,

4], underlining the tumour-diversity within specific cancer types.

Another concern is that many intervention treatments have often been performed in
patients that suffer from final stage cancer, which often co-occurs with irreversible tissue
damage, limiting effectivity of treatment and successful outcomes [2, 5]. Fortunately,
nowadays more trials are focused on intervention strategies already at diagnosis [6],

increasing chances of success in disease progression.

Heterogeneity of tumour models

In this thesis, two different tumour mouse models, C26 and Lewis Lung (LL) model
were used. These models differed in their experimental settings, including nature and
origin of tumour cells, number of cells inoculated, duration of tumour growth, and
strains of mice. This underlines the differences between the models found in study
outcomes, including food intake behaviour and progression of cachexia. Heterogeneity

in progression of cachexia and anorexia is a common phenomenon seen with different
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mice models, and even occurs between labs that use the same mouse model. Differences
in experimental settings and animal handling, including differences in inoculation
site [7], method of administration [8] and strain of mice [9, 10] as well as spontaneous
mutations in the cell line used [11] lead to changes in characteristics of the models.
These variations can also result in differences between the hosts’ immune response to

the tumour, which in turn affects disease progression.

Mice models as representative for human carcinogenesis

Another aspect of the discussion on the use of mice cancer models is their translational
value towards humans. Only 8% of cancer treatments showing positive test results
in animal models are finally successfully translated to human trials, based on their
treatment effectiveness and safety. This generates considerable doubt regarding the
usefulness of animal cancer models as suitable models for humans [12]. It appears that
this failure in translation from mice to humans is mainly due to disappointing treatment
efficacy and safety. Factors underlying this discrepancy include the type of animal model
used, differences in size, lifespan [13], drug metabolism [14], functional genes [15] and

transcription factor binding sites [16].

Furthermore, psychological changes that affect behaviour in response to tumour
growth are complex in humans and difficult to measure in animal models. This is
likely to occur in food intake behaviour, since in humans awareness of the disease
and its possible consequences will affect mental health and social interactions, which
subsequently influences food intake [17-19]. However, even though rodent models
possess translational limitations towards humans, they have greatly contributed to our
current understanding of molecular and cellular mechanisms in carcinogenesis and their
consequences. Furthermore, by using genetic mice models, novel cancer genes have
been identified [20, 21]. More importantly, changes in biomarkers that are commonly
occurring in cancer patients, including elevated levels of cytokines [22-25], C-reactive
protein [26-29], cortisol [30] and muscle-specific markers for cachexia [31] are also
found in various animal models used in cancer research. Therefore, similar effects and
findings in multiple animal models are likely to be more promising for their efficacy in
humans. Vice versa, processes involved in migration of tumour cells through the body

and specific characteristics of tumour environment in humans can be mimicked in mice



[32], creating additional research opportunities that are limited in humans. Studies on
pathophysiological processes in specific organs in mice are of importance, because of

the practical and ethical restrictions of human experiments.

In summary, tumour models in animals are of significant importance to human research,
since they provide an intermediate step between in vitro and human experiments.
However, limitations on translation from mice to humans, as well as heterogeneity of

the cancer patient population should be taken into account.

Chronic inflammation: low grade and high grade?

An important aspect of anorexia in cancer is chronic inflammation. A chronically
elevated inflammatory tone is common to various illnesses, including cancer, COPD,
and HIV infection. In LL TB mice we showed that the presence of anorexia during an
increased inflammatory status was associated with increased hypothalamic serotonin
signalling. In C26 TB mice, displaying an increased food intake, we found that an
increased inflammatory status was associated with decreased hypothalamic serotonin
signalling. Taken together, this suggests that tumour-induced chronic inflammation
can be associated with both elevated and reduced serotonin in the hypothalamus.
Contributing to this paradox is the general observation on lowered hypothalamic
serotonin concentration or release in obesity [33-37]. Obesity is also considered to
be a state characterized by a chronically increased inflammatory tone. Furthermore,
targeting the serotonin system using agonists for serotonin receptors 5HT2c, 5SHT1b
and 5HT6 in the brain is a current treatment in the fight against overeating in obesity
[38, 39]. So, an important question that arises is what causes chronic inflammation to
be associated with both elevated serotonin and reduced serotonin in the hypothalamus?
Inflammation has different manifestations due to its diversity in type, duration, level
and origin [40]. In obesity, a low-grade inflammatory process is ongoing, which is
characterized by slightly increased cytokine levels in blood. In contrast, in severe
illnesses, including progressive cancer and rheumatoid arthritis, the immune system
is highly activated, which is reflected by much higher levels of cytokines compared to
those seen in obesity [41-47].
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In our experiments, mice bearing C26 tumours showed lower levels of cytokines IL-6
and TNFa in their blood, compared to anorectic LL bearing mice (Figure 6.1), suggesting

a more pronounced inflammatory process in LL TB mice compared to C26 TB mice.

Plasma levels of TNFa in C26 TB mice showed not to be elevated in our study, while
TNFa is commonly reported to be elevated in tumour mouse models, including the C26
model [48]. In contrast, we did find elevated TNFa plasma levels in the LL TB mice. In
vitro, both C26 and LL cells do not produce TNFa (Figure 6.2), suggesting that the hosts’

immune response differs between the two different tumours. This difference in TNFa
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Figure 6.1 Plasma cytokines in C26 and LL TB mice.

C26 colon adenocarcinoma (C26) or Lewis Lung (LL) cells were inoculated in mice subcutaneously
or intramuscularly, respectively. After sacrifice, blood was collected and cytokines were measured
with ELISA (M&M chapter 3 and 4). A and B) Plasma levels of IL-6 in C26 and LL tumour bearing mice
respectively. C and D) Plasma levels of TNFa in IL-6 and LL tumour bearing mice respectively. Data is
presented as means £SEM. *Significantly different from control (P<0.05).
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Figure 6.2 Production of TNF, IL-6 and MCP-1 in C26 and LL cells in vitro.

C26 colon adenocarcinoma (C26) or Lewis Lung (LL) cells were seeded in DMEM supplemented with
10% FCS and 1% P/S with a density of 1.10° cells/ml (M&M chapter 4 & 5). After 24 hours, secretion of
cytokines in medium was measured with ELISA (M&M chapter 5) N.D not detected (<6.25 pg/ml). Data
is presented as means + SEM.

production might be implicated in the opposing food intake behaviours in the two cancer
models. Both in hyperphagia during obesity as well as in anorexia during cancer, TNFa
is reported to play an important role [49, 50]. Blocking TNF activity has been shown
to be both beneficial in restoring food intake in cancer and in improving hyperphagia
during obesity [51, 52], indicating that TNF has opposing effects on food intake. Also
other effects of TNFa, including its actions on proliferation and differentiation of glial
cells and on hypothalamic insulin and leptin signalling are reported to be bi-directional,
dependent on the dose [53, 54]. Furthermore, the primary site of inflammation appears
also to be important in determining inflammation-induced changes of food intake
rather than cytokine plasma levels alone [55]. C26 cells are subcutaneously inoculated
and C26 tumours rarely have metastases, whereas LL cells injected intramuscularly can
show metastases already 14 days after inoculation [56]. Finally, we can speculate on
what would happen on food intake and plasma cytokines if cachexia in C26 TB mice
would progress. It could be that eventually also in these mice, food intake compensation
would fail, leading to development of anorexia. Time-course of tumour and disease
development differ between the C26 and LLM model with LL tumours being more

progressive in inducing cachexia compared to C26 in our experimental settings. Taken
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together, it might be that the nature and degree of inflammation induced by the different

tumour models underlies their apparently opposing effects on food intake behaviour.

In summary, a variety of chronic inflammatory diseases are accompanied by food intake
disturbances. These disturbances have been reported to be associated with altered
serotonin signalling. However, whereas food intake appears to be inextricably inversely
linked to serotonin status in the hypothalamus, the link between inflammation and
alterations in serotonin signalling during disease remains unclear. It appears that the
underlying cause of inflammation (e.g. illness) and subsequently differences in degree
(e.g. high/low), duration (acute/chronic), origin (tumour/tissue necrosis) and site of

origin (e.g. brain, fat) of inflammation play a role in these different findings.

Acute versus chronic inflammation

The differences in plasma levels of TNF and IL-6 measured in C26 and LL TB mice
(Figure 6.2), served as basis to estimate the doses of the cytokines administered to
mice described in chapter 5. We found that the different doses of IL-6 injected and the
combinations of IL-6 with TNFa had similar effects on food intake and hypothalamic
gene expression profiles. This might be due to the fact that these interventions induced
secondary inflammatory mediators in a comparable fashion. This experimental set-
up induces an acute and short-term inflammatory response, which is in contrast to
the chronic elevation of cytokine plasma levels induced by the presence of a tumour.
Differences in inflammatory responses between the models used in this thesis and their

effect on food intake regulation will be discussed below.

Effects of short and chronic anorexia

In chapter 3 and 4 tumour models were used, which are characterized by a chronically
elevated inflammatory tone. The resulting elevated cytokine plasma concentrations
were considered to be important for the development of anorexia in mice bearing LL
tumours. In chapter 5, mice were injected with cytokines aiming to achieve plasma
levels comparable to those measured in C26 and LL TB mice. Here, the acute effects of
cytokines on food intake were investigated. Table 6.1 summarizes the effects found on

food intake and the changes in the hypothalamus of C26 TB, LLM TB, and cytokine-



treated mice used in this thesis. As shown, changes in hypothalamic serotonin levels
were inversely associated with changes of food intake in all three models. However,
alterations in NPY and AgRP gene expression did not reflect food intake behaviour, as
NPY was upregulated in TB mice, but downregulated in cytokine treated mice. Hence,
both reduced and increased NPY and AgRP gene expression can apparently coincide
with decreased food intake and increased hypothalamic serotonin concentrations (Table
6.1), depending on the experimental model used. We hypothesize that gene expression
of NPY and AgRP in TB mice is likely to act as a sensor for weight loss. NPY has a dual
role in energy homeostasis by modulating both food intake as well as energy storage/
expenditure. Regarding the latter, leptin signalling has shown to be crucial [57]. It is likely
that cachectic processes promoting lipolysis and muscle wasting indeed act as a trigger
for this upregulation of NPY, while this is lacking in acute short-term inflammation as
occurring in cytokine-treated mice. This further implies that the dual actions of NPY
in food intake and energy expenditure might include acute actions of NPY and long
term actions of NPY, being food intake and energy storage respectively. Furthermore,
the comparison of cytokine-treated mice with LL TB mice suggests failure of NPY/
AgRP signalling in anorectic LL TB mice, which does not occur in cytokine-induced
anorexia. This might be due to the differences in type of inflammatory responses in TB

mice and cytokine-treated mice.

Table 6.1 Overview of experimental models used in this thesis

Chronic Acute

Model C26 LLM TNF & IL-6
Model characteristics

Treatment C26 tumour Lewis Lung tumour Injection TNF/IL-6

Strain CDF1 C57/bl6 C57/blé

Age 6w 6w 6w

Site Subcutaneous Intramuscular intraperitoneal

Cachexia Yes Yes No
Duration 20 days 14-18 days 5 hours
Food intake o N N2
Body weight N2 \Z &
Gene expression NPY/AgRP N ™ N2
Serotonin N2 ™ ™

Gene expression of NPY/AgRP was measured via microarray, while indication for changes on serotonin
included gene expression of more than 1 gene included in serotonin signalling pathway and/or
measurement of serotonins’ metabolite 5-HIAA in total tissue homogenate.
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In both acute and chronic inflammatory diseases, including infections, injury, and cancer,
anorexia is commonly occurring. However, the deleterious effects of anorexia in acute
and in chronic inflammation are very different, because effects of decreased food intake
largely depend on the duration. In chronic inflammatory diseases including cancer,
prolonged anorexia contributes to severe malnutrition and body wasting, increasing
mortality and impinging on quality of life in these patients. In contrast, short-term
anorexia in acute inflammation can be beneficial, since restriction in the intake of
macro- and micronutrients will inhibit bacterial growth [58]. Furthermore, anorexia
is considered to facilitate fever response, as anorexia in acute inflammation is almost
invariably accompanied by fever [59]. During acute illness due to infection, not being
hungry would reduce motivation to find food and interaction with others. Subsequently,
this would reduce body heat loss (facilitation fever), reduce activity and mobility and
reduce exchange of pathogens with others [60]. It has been shown that food deprivation
increases survival during bacterial infection [61]. Vice versa, forced-feeding during
acute infection increases morbidity and mortality [62]. Together these phenomena
suggest a physiological and supportive role of anorexia during acute inflammation.
Therefore, the differences in outcome of anorexia between chronic inflammation and
acute inflammation might have a functional and evolutionary basis, which in turn
underlies that specific processes involved in the development and sustainment of
anorexia could be different between the two types of inflammation-induced anorexia.
Laviano et al. postulated that anorexia in chronic illness such as cancer anorexia
develops by waves of brain activation, each of them not necessarily being mediated
by the same mediators [63]. This is supported by the development of tolerance in
response to continuous cytokine infusion [64]. However, repetitive administration of
cytokines, when the anorexic effect of a previous injection is subsided, induces enhanced
development of anorexia [65]. Overall, these data suggests that long-lasting anorexia
induced by inflammatory mediators occurs in cycles, while this might not be the case
in acute inflammation. Furthermore, compensatory mechanisms in response to chronic
malnutrition can occur, which might contribute to the sustainment of anorexia in chronic
inflammation, developing a vicious cycle where anorexia and its consequences enhance

one another.



Future directions

Severe body wasting due to underlying illnesses like cancer has already been known
for centuries and was already described by Hippocrates 400 BC [66]. As of today, many
targets have been identified as potentially important for the development and outcome of
cachexia. Unfortunately, current treatment options to improve appetite and food intake
in patients are still limited. Only 20-30% of patients actually report an improvement
in food intake upon medical treatment, which usually involves corticosteroids or
progestational agents. Furthermore, these conservative treatments can have severe side-
effects, including thrombophlebitis and muscle degradation [67, 68], both deleterious
conditions in patients who are often less mobile due to their illness and may already

suffer from loss of muscle mass.

The knowledge on the regulatory role of serotonin in food intake regulation, together
with indications that serotonin brain levels may be elevated due to an underlying chronic
illness and may cause anorexia, triggers the question why still no therapeutics have
been developed that alter serotonergic activity in order to improve appetite. This is in
particular in contrast to the field of drug development for weight management. Here,
targeting the serotonin system is considered an effective strategy to reduce food intake
in overweight and obese persons [38]. Several current drugs for weight management
possess agonistic activity towards 5HT, . or SHT  receptors. Consequently, antagonists
for 5SHT, . or 5HT,, receptors might be interesting for improving appetite, since the
satiating effect of serotonin is reported to occur by concomitant activation of POMC/
CART neurons via 2HT,, and inhibition of NPY/AgRP neurons via 5SHT ; receptors
[69-71]. It would be interesting to use both C26 and LL TB mouse models to study the

effect of serotonin antagonists on food intake.

Another area that demands for further research is the involvement of other organs in
food intake regulation, such as stomach and intestines. It appears that stimulation of
gastric emptying can be promising in cancer patients. However, mechanisms involved in
delayed gastric emptying during disease are not yet entirely clarified, as various factors,

including serotonin, influence gastric emptying [72].

Furthermore, since we showed that inflammation directly leads to an increase in
serotonin turnover, molecular processes responsible for this increase still need further

research, for example by the use of 5SHTR-blockade or the use of knock out models.
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It is likely that activation of serotonin signalling leading to anorexia is also involved
in modulation of the immune system due to its functions in platelet activation and

leukocyte attraction, and this interaction needs to be further elucidated [73, 74].

Final conclusions

In this thesis we investigated changes in inflammatory markers and pathways involved
in food intake regulation and eating behaviour using different mouse models. The main
objectives were to further elucidate processes involved in the pathogenesis of disease-
related anorexia, and to determine the role of inflammation in this process. Taken
together, the results presented in this thesis show that hypothalamic inflammation during
chronic illness is an important underlying mechanism in the failure of hypothalamic food
intake regulation. This is likely to be mediated via effects on serotonergic metabolic and
(or) signalling pathways, which act as upstream modulators of hypothalamic orexigenic
and anorexigenic neuropeptide systems. The degree (high vs low), duration (acute vs
chronic), origin and site of inflammation are important factors influencing hypothalamic
inflammation, serotonergic and neuronal NPY/AgRP and POMC/CART systems, and
ultimately food intake. The serotonergic regulation of food intake during disease merits
further investigation as it may deliver novel therapeutic targets for improving food

intake during chronic illness.
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Achtergrondinformatie

Bij een groot deel van de kankerpatiénten (60-80%) komt anorexie, oftewel een verlies
van eetlust, voor. Deze vorm van anorexie wordt veroorzaakt door de ziekte zelf en
staat los van de problemen met eten die veel patiénten ondervinden als gevolg van
chemotherapie. Anorexie komt niet alleen voor bij kanker, maar komt ook veelvuldig
voor bij andere chronische ziekten zoals HIV, COPD en chronisch hartfalen. Anorexie
gaat vaak gepaard met cachexie, een progressief verlopend verlies van vooral spier- maar
ook vetmassa. Deze combinatie wordt algemeen aangeduid met de term anorexie-
cachexie syndroom. Dit is een levensbedreigende aandoening, waarbij de patiént ernstig
ondervoed raakt en veel spiermassa verliest. Dit heeft onder andere negatieve gevolgen
voor de effectiviteit van chemotherapie en het herstel na operaties. Ook nemen de
tysieke conditie van de patient en de weerstand tegen infecties af. Deze factoren dragen
ertoe bij dat de overlevingskansen en/of de gemiddelde overlevingsduur van de patiént
aanzienlijk afnemen. Belangrijk is daarnaast dat het optreden van anorexie vaak grote
psychische gevolgen heeft voor de patiént en zijn/haar omgeving, omdat verlies aan
eetlust in verband wordt gebracht met een slecht ziektebeloop. Helaas zijn er tot op
heden nog geen effectieve therapieén ontwikkeld die de ontwikkeling van anorexie
tijdens kanker kunnen tegengaan. Dit komt mede doordat er nog niet veel bekend is
over de specifieke oorzaken van de ontwikkeling van anorexie tijdens kanker of andere

chronische ziekten.

Het doel van het onderzoek beschreven in dit proefschrift was om de mechanismen
verder te ontrafelen die betrokken zijn bij de ontwikkeling van anorexie tijdens
chronische ziekte. Eerder onderzoek heeft aangetoond dat de hypothalamus, een
gebied in de hersenen waar de regulering van voedselinname plaatsvindt, hierin een
belangrijke rol speelt. Ons onderzoek heeft zich daarom gericht op het bestuderen van
de veranderingen in de hypothalamus tijdens kanker. Verder hebben we veel aandacht
besteed aan de rol van ontstekingsreacties die sterk verhoogd zijn tijdens kanker en
andere ziekten waarbij anorexie veel voorkomt. Om de gevolgen van tumorgroei
op de regulatie van processen in het brein te bestuderen hebben we verschillende
muismodellen gebruikt als model voor de mens. Muismodellen worden veelvuldig
gebruikt in kankeronderzoek omdat de mogelijkheden tot het bestuderen van tumoren

en hun interacties met het lichaam in de mens uiteraard beperkt zijn.



Werkwijze

In dit proefschrift hebben we gebruik gemaakt van drie verschillende muismodellen
om de processen die een rol spelen bij anorexie als gevolg van kanker te bestuderen.
Hiervan waren er twee tumormodellen, waarbij de muizen worden ingespoten met
tumorcellen. Bij het derde model was er geen sprake van tumorgroei. Bij het eerste
tumormodel (C26) ontwikkelden de muizen cachexie (gewichtsverlies) tijdens de
tumorgroei. Ter compensatie van dit gewichtsverlies gingen de muizen meer eten, om
zo het gewichtsverlies te beperken. In het tweede muismodel (LL) droegen de muizen
een ander type tumor. In deze muizen ontwikkelde er zich naast het gewichtsverlies
ook anorexie (minder eten) naarmate de tumor groeide. Door vervolgens deze twee
tumormodellen te vergelijken, kon worden onderzocht welke processen specifiek
betrokken zijn bij veranderingen in voedselinname, en welke processen algemeen

optreden bij gewichtsafname tijdens tumorgroei.

Het derde muismodel was een model waarbij er geen tumorgroei plaatsvond, maar
waarbij de muizen werden ingespoten met bepaalde ontstekingsmediatoren, zogenaamde
cytokines. In dit model ontwikkelden de muizen anorexie als gevolg van een ontstekings-
reactie zonder dat er sprake was van tumorgroei. Dit werd gedaan om te achterhalen
wat de specifieke rol van ontsteking is in de ontwikkeling anorexie. Vervolgens hebben
we in deze drie muismodellen de veranderingen die plaatsvinden in de hypothalamus
meer in detail bestudeerd en onderling vergeleken. We hebben hiervoor veel gebruikt
gemaakt van micro-array-analyse. Bij micro-array-analyse kan de expressie van genen
van het gehele genoom tegelijkertijd gemeten worden. Genexpressie is de mate waarmee
een gen gekopieerd wordt, zodat het kan worden afgelezen. Dit aflezen is uiteindelijk
van belang voor de synthese van het eiwit waarvoor het gen codeert. Omdat het hele
genoom geanalyseerd wordt, kunnen veranderingen in veel verschillende biologische

processen tegelijk worden opgespoord.

Resultaten en conclusies

Uit onze experimenten is gebleken dat er een aantal sterke veranderingen optreedt in
de hypothalamus tijdens de groei van een tumor. Een belangrijke bevinding was het
optreden van veranderingen in de vorming van serotonine. Serotonine is een stof die

in de hersenen belangrijk is voor de signaaloverdracht tussen neuronen, oftewel de

Nederlandse samenvatting H

133



134

Nederlandse samenvatting

communicatie tussen zenuwcellen in het brein. Serotonine heeft door deze functie een
grote invloed op veel gedragsprocessen, waaronder voedselinname. Onze resultaten
lijken aan te tonen dat tijdens tumorgroei de afgifte van serotonine in de hypothalamus
toeneemt. Deze verhoogde afgifte van serotonine leidt er vervolgens toe dat de processen
die normaal gesproken de voedselinname stimuleren worden afgeremd. Hierdoor kan
een verhoging in serotonineconcentratie in de hypothalamus leiden tot een afname
in eetlust en de ontwikkeling van anorexie. Daarnaast zagen we een verhoging van
serotonineconcentratie in de hypothalamus ook in het derde model, waarbij anorexie
alleen kon zijn veroorzaakt door ontstekingsreacties en niet door tumorgroei. Dit zou
betekenen dat met name de ontstekingsreacties die plaatsvinden tijdens tumorgroei

een cruciale rol spelen bij het ontwikkelen van anorexie.

Op basis van dit proefschrift kan worden geconcludeerd dat ontstekingsreacties tijdens
chronische ziekten zoals kanker kunnen leiden tot verhoogde afgifte van serotonine in
de hypothalamus. Deze verandering is op de lange termijn negatief, omdat ze bijdraagt
aan de ontwikkeling van anorexie. Verder onderzoek is nodig om te bestuderen of het
verlagen van de serotonineconcentratie of het remmen van de signaaloverdracht via

serotonine ook daadwerkelijk effectief is bij de behandeling van anorexie tijdens kanker.
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Serotonine is niet alleen betrokken bij eetgedrag, zoals beschreven in dit proefschrift,
maar is ook belangrijk voor het ervaren van geluk en plezier. Het gezelschap en de
ondersteuning van een aantal mensen heeft sterk bijgedragen aan het ervaren van dit

plezier tijdens mijn AIO-tijd. Deze mensen wil ik hier graag bedanken.

Allereerst wil ik mijn co-promotor bedanken. Klaske, ontzettend bedankt voor je
vertrouwen in mij, en voor de gegeven kans om een stage te lopen bij Danone, wat
vervolgd werd in een promotietraject. Ik bewonder je gedrevenheid en enthousiasme
in alles wat je doet. Door je creativiteit heb je me geleerd om vanuit verschillende
invalshoeken het onderzoek te benaderen. Je hebt me ontzettend veel geleerd en ik zal
onze samenwerking erg missen. Natuurlijk ook bedankt voor de leuke momenten op
onze congresreizen: ik had “de beer of het zwijn?”op het pad in Kobe, de lekkere “extra-
noir” thee in Lille, “de spook-hotelkamer” in Boston, de “terror-non” aan de Chiemsee,

en het maken van mislukte panoramafoto’s op Mount Real absoluut niet willen missen!

Renger, in 2009 kwam ik bij jou aankloppen voor hulp bij het krijgen van een stage via
het RIKILT in Suriname. Helaas brandde het lab daar af vanwege het aansluiten van een
apparaat op 220V in plaats van 110V ©. Achteraf gezien is het allemaal goed gekomen, want
ik kon via jou direct voor een andere stage bij Danone Research terecht, onder begeleiding
van Klaske. Ik waardeer alle moeite die je voor me hebt gedaan bij het helpen bij al mijn
carrierestappen enorm. Ik vond het erg fijn om in jouw groep te werken en dat je me als
promotor begeleidde. Ook al was je altijd erg druk, je wist altijd tijd vrij te maken. Ik moet
bekennen dat ik de deadlines voor jou altijd vervroegde met een week, maar steeds weer
bleek deze extra week overbodig, want je was er altijd wanneer dat nodig was. Ik heb veel

geleerd van al je input op onze artikelen en de discussies op de vrijdagochtend, bedankt!

Mark, fijn dat je mijn co-promotor wilde worden en dat ik altijd zo bij je binnen kon
lopen voor ondersteuning en vragen over array-analyse. Bedankt voor alles wat je me
hebt geleerd over array-analyse en alle Wikipedia kennis die je deelde over allerlei

andere dingen tijdens de lunch.

Josép, thank you for all your scientific contributions and for giving me the opportunity to
stay at your lab. I learned a lot from you and from the great people in your group. Josép,
Silvia, Miriam and Fabio, you all made my stay in Barcelona a great experience! Gracias
por todo! Alessandro, your always positive energy is great to be around, thank you for

sharing your insights and your input on our papers. Daniel, thank you for your efforts



and your valuable comments on our review. Michael bedankt voor de samenwerking
en je input op ons paper! Miriam en Francina, ik waardeer de tijd die jullie namen om
me van alles te leren op het lab en over het verwerken van de data en bedankt dat ik

jullie altijd om hulp en advies kon vragen.

I would like to thank my committee Julian Mercer, Jaap Keijer, Duen Chen and Ellen

Kampman for judgement of the thesis and being present at my defence.

Ex-kamergenootjes Nicole en Anastasia, het was erg wennen zonder jullie. Bedankt
voor de gezelligheid en ondersteuning. Miléne, Katja, Inge en Nikkie, ook zonder
jullie zou het traject een stuk minder gezellig zijn. Ik heb altijd kunnen bouwen op jullie
steun zowel in werk als privé en ik zal jullie missen! Miléne, jij was de eerste die de aula
trotseerde. Je hebt een heerlijk nuchtere persoonlijkheid, en natuurlijk mis ik het dat
ik je niet meer kan knuffelen en niet meer kan plagen: jij hapt altijd zo mooi ©. Katja,
jouw humor was een groot gemis in onze kamer na je promoveren. Gelukkig kan ik
je buiten werktijd nog steeds om advies vragen. Inge, door jouw sterke sociale intuitie
kan ik altijd bij je terecht, heerlijk om niet alles uit te moeten leggen! Verder ben jij de
encyclopedie van onze kamer, je weet echt zoooveel, en als je iets niet weet, dan kom
je een paar minuten later alsnog met een uitgebreide uitleg. NikKie, jij bent altijd zo
vrolijk. En als het even niet meezit, dan is chocola bij jou het antwoord (bij wie niet?).
Het is heerlijk om je positieve energie om me heen te hebben. Je bent daarnaast ook
een fijne sparring-partner in het lab. Neeraj, sorry for all the times I've kept you from
your work. You're funny and always calm and it was great to have you sitting next to

me. Roomies, ik wens jullie het allerbeste voor de toekomst!

Sheril, Aafke, Lily and Wieneke thanks for the fun times in the lab. Parastoo, Fenni,
Antwi, Montserrat, Juri, Sophie, Rogier and Suzanne thanks for all the good times and
good luck with your PhD projects! Lonneke and Ya, thanks for all your support during
sections, you helped me out when I needed it! All the best for the coming years, you will
have great results! Bert, René, Judith en Wilma, erg bedankt voor jullie ondersteuning!

Het was erg prettig samenwerken door jullie flexibiliteit en fijne omgang.

Margien, Angeline, Rani, Marlies, Marlous, Lars, Anne en Marjolein, ik vond het
leuk om jullie te begeleiden tijdens jullie masterthesis. Bedankt voor jullie harde werk
en heel veel succes in jullie verdere carriére! Super dat jullie ook hebben gekozen om

een PhD te gaan doen: Margien, Marlies, Anne en Marjolein: veel succes!
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Mieke, toen jij me begeleidde op het lab tijdens mijn masterthesis, dacht ik elke keer
‘wanneer gaat ze nou uitbarsten en zeggen dat ik een kluns ben met een pipet?’ Die
uitbarsting kwam nooit en mede dankzij jou wilde ik verder op het lab en een PhD
gaan doen. Je bent echt ongelofelijk lief en je staat altijd klaar met wijze raad. Jenny,
Mechteld, Karin, Shohreh en Carolien, fijn dat ik bij jullie altijd terecht kon voor snelle

vragen en ondersteuning. Erg bedankt daarvoor!

Michiel, bedankt voor je kritische blik en alle gezellige gesprekken. Guido, bedankt
voor al je input en interesse in het project. Natuurlijk waren de updates over BNers en
het laatste Bennekomse nieuws ook altijd een fijne afwisseling tijdens de lunches en
natuurlijk bedankt voor het snel verwerken van mijn GEO aanvragen! Philip, fijn dat
ik bij je terecht kon om over statistiek te discussiéren. Sander bedankt voor de nuttige
discussies en natuurlijk de gezelligheid tijdens de lunches. Rinke en Diederik, fijn dat ik
bij jullie terecht kon om te discussiéren over écht goede films en leuke Youtubefilmpjes.
Die smakeloze grappen erna waren niet altijd nodig... maar goed, het is jullie vergeven.
Wilma, ik heb de gesprekken zo vroeg in de ochtend bij het koffieapparaat altijd gezellig
en een fijn begin van de dag gevonden! Lydia, bedankt voor je interesse in mijn project
en de grappige discussies. Jocelijn, fijn dat ik bij jou mijn masterthesis mocht doen en

zo de kans kreeg op een vervolgtraject. Bedankt voor je input op onze resultaten!

Ioannis, bedankt voor de tijd die je voor me hebt uitgetrokken om me te laten zien

waar alle verschillende gebieden in de hypothalamus liggen.
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