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Chapter 1

Obesity has a genetic component

The intake of nutrients is a prerequisite for survival as it replenishes energy reserves, thereby
enabling prolonged behavioral activity. As such, it may be of no surprise that evolution has
resulted in the development of mechanisms that promote energy storage rather than energy
expenditure, possibly by favoring a genetic architecture that allows for easy adaptation to
periods of food scarcity and famine [1]. Especially in Western societies, this has resulted in
significant health problems [2], as food has become increasingly abundant in these countries.
The functioning of mechanisms that promote energy storage in environments where food is
abundant renders the body prone to weight increases, increasing the susceptibility to obesity
and related disorders.

As food availability has only become abundant in the past decades, it can be safely
assumed that not genetic changes in the human population, but that changes in lifestyle and
environment are the predominant causes for the recent increase in the amount of individuals
that suffer from obesity [3]. However, exposure to these ‘obesogenic’ environments does
not necessarily result in obesity. Individual differences in body weight still exist, implying
that genetic factors do contribute to the development of obesity, which is also evidenced
by several twin studies that estimate the contribution of genetic factors to obesity to be in
the range of 30-70% [4, 5]. Elucidation of these genetic factors by genome-wide asscociation
studies (GWAS) and further functional characterization of obesity-associated loci will aid the
understanding of the mechanisms that result in or protect against obesity, thereby advancing
the development of therapies to combat overweight, obesity and other metabolic disorders.

The role of the central nervous system in feeding behavior

Early lesion studies firstly indicated the importance of the central nervous system in the
regulation of energy balance, that for example pointed towards the ventral-medial hypotha-
lamus as a ‘satiety’ center [6]. In recent decades, both genetic and animal studies have
further emphasized the pivotal role of the central nervous system in the regulation of energy
balance: the adipocyte-released hormone leptin was discovered through the studying of two
naturally occurring mutations that cause severe obesity in mice (the diabetic db/db mice
and the obese ob/ob mice) and it became apparent that leptin acts centrally to negatively
influence energy intake, which was quickly confirmed to hold true for the human population
as well [7, 8]. Leptin acts upon the melanocortinergic system, which is another well-known
system involved in the regulation of energy intake: proopiomelanocortin (POMC) is the
precursor to multiple neuropeptides that predominantly activate the centrally expressed
melanocortin 4 receptor (MC4R) to reduce energy intake, while the MC4R inverse agonist
agouti-related peptide (AgRP) has the opposite function [9, 10]. The MC4R is expressed
in hypothalamic, striatal and midbrain areas, while POMC and AgRP production is local-
ized to the hypothalamus and hindbrain [11]. Finally, GWAS have identified several genetic
variants that associate with obesity, of which a majority is expressed in the central nervous
system in energy balance.

Homeostatic versus hedonic feeding

In search of the neural pathways that direct feeding behavior and are thus likely to be
involved in the etiology of obesity, a distinction can be made between neural circuits that
direct homeostatic feeding versus neural circuits that govern hedonic feeding [12]. Neural
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General Introduction

circuits that direct homeostatic feeding assess energy reserves and generate behavior directed
to replete those reserves when exhausted, while circuits that govern the hedonic aspects of
feeding attach emotional value to the ingestion of nutrients and are suspected to generate
the internal drive that result in the excessive intake of palatable food by which obesity is
characterized. Despite the fact that the actions of these systems must be integrated at one
point, the localization of these systems to distinct, but overlapping brain regions seems to
justify this division (for a review: see [13]).

Hypothalamic and hindbrain areas regulate energy homeostasis

Both hindbrain nuclei and hypothalamic areas sense metabolic state and are implicated
in adaptive behaviors directed towards keeping energy balance. Hindbrain nuclei such as
the nucleus of the solitary tract and the area postrema receive somatosensory and visceral
information via the nervus vagus and humoral signals via the blood stream respectively
and project to the parabrachial complex, which functions as a taste relay station in rodents
and innervates areas such as the spinal cord, the amygdala and several hypothalamic areas,
such as the medial and lateral hypothalamus (LH). The hypothalamic nuclei integrate these
signals with humoral signals that inform on metabolic status that are received via the blood
stream. Especially the arcuate nucleus (ARC) is highly sensitive to such humoral signals (e.g.
leptin and insulin), of which the receptors are expressed on two distinct neural populations
involved in the regulation of the homeostatic aspects of energy balance: the POMC/CART
and NPY/AgRP populations [14, 15].

The POMC/CART and NPY/AgRP neural populations oppositely regulate energy bal-
ance, as the former decreases energy intake and promotes energy expenditure, while the
latter promotes energy intake and diminishes energy expenditure, via inhibitory GABAer-
gic afferents onto the POMC/CART population [11]. Neurons in the ARC not only send
projections towards the NTS, but to other hypothalamic areas as well, such as the ventro-
medial hypothalamus (VMH), the paraventricular hypothalamus (PVN) and the lateral
hypothalamus (LH), each regulating different aspects of energy balance [16]. The PVN and
VMH contain groups of neurons that predominantly produce anorectic neuropeptides such as
corticotropin-releasing factor, oxytocin, thyrotropin-stimulating hormone (PVN) and brain-
derived neurotrophic factor (VMH). The LH on the other hand, produces the orexigenic
neuropeptides melanin-concentrating hormone and orexin and sends projections to hind-
brain areas and to brain areas involved in reward processing, such as the ventral tegmental
area (VTA) and striatum [17, 18, 19].

Every diet consists of a mix of fat, carbohydrates and proteins, of which some cannot
be synthesized by the body de novo. Therefore, it is reasonable to assume that the central
nervous system is able to direct the intake of specifc macronutrients. While there is evidence
that protein intake is tightly regulated, no strong evidence exists for the tight regulation of
intake of carbohydrates and fats [20]. This phenomenon has given ground to the ’protein
leverage hypothesis’ that states that the protein content determines how much of a diet
will be ingested [21] and there are indications that humans eat more of a diet when the
protein content is lower [22]. In addition, animals learn to avoid diets devoid of specific
amino acids, a behavior that seems to be mediated by the anterior piriform cortex [23, 24].
Other hypothalamic areas do sense levels of carbohydrates and fats, but do not exert strong
behavioral control over the regulation of macronutrient intake [25]. An interesting possibility
is that fat and carbohydrate intake is regulated by an interplay of the homeostatic feeding
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system and the hedonic feeding system and that their specific intake is regulated via non-
homeostatic mechanisms [20].

Neural circuits regulating hedonic feeding

Even in the absence of metabolic demand, nutrient intake can still occur. This ‘non-
homeostatic’ or hedonic feeding is governed by higher-order brain areas that are involved
in reward, cognitive and emotional processing. These areas normally reinforce adaptive be-
haviors directed towards salient stimuli, but when ‘hijacked’ by drugs of abuse, they can
generate maladaptive behavior as well, which bears similarities to the overconsumption of
calories observed in obesity [26].

The principal neurotransmitter involved in reward processing is dopamine, which is pre-
dominantly synthesized in neurons that originate in the VTA and the substantia nigra pars
compacta (SNpc) and that innervate multiple brain regions, including the striatum, amyg-
dala, hippocampus and cortex. While the exact role of dopamine in the regulation of food
intake and the etiology of obesity is controversial [26, 27, 28], it has been shown that espe-
cially the nucleus accumbens (Acc), which is one of the primary sites of dopamine action,
can exert strong control over food intake. For example, infusion of μ-opioid receptor ag-
onists in this area induces excessive eating, even in satiated animals [29, 30], presumably
by inhibition of the GABAergic connection of the Acc with the LH [31, 32]. Other areas
such as the amygdala seem to mediate different aspects of nutrient intake. Infusion of a
μ-opioid receptor antagonist in this area, but not the Acc leads to decreased motivation to
obtain sucrose, without having effects on the palatability of sucrose, exemplifying that the
regulation of hedonic feeding is distributed over multiple brain regions [33, 34].

Human studies have strongly implicated the dopaminergic system in the etiology of
obesity and emphasize the similarities between overeating and drug abuse. The intake of
addictive drugs leads to increases in dopamine in the Acc [35], which has been shown to
happen after the ingestion of palatable food as well [36]. Moroever, obese individuals show
lower availability of the dopamine D2 receptor and have fewer dopamine-modulated striato-
cortical connections [37, 38, 39]. If this is either the cause or the consequence of excessive
caloric intake remains to be determined, but these observations do suggest that the dopamin-
ergic system contributes to the etiology of obesity, through maladaptive reinforcement of
the otherwise adaptive intake of palatable nutrients.

Obesity is a behavioral disorder

Obesity can be characterized as a behavioral disorder, as most obese individuals want to
restrict their caloric intake, but are not successful in doing so. The identification and func-
tional characterization of the neural circuitries that generate the internal drive to consume
palatable food, consequently resulting in behavior directed to ingest nutrients, will clarify
why some individuals manage to maintain a healthy energy balance, while others do not.
Having established the crucial influence of the central nervous system in the etiology of obe-
sity and more specific, which neural circuits govern the homeostatic and hedonic aspects of
feeding, it follows that possible therapies to combat obesity include specific manipulations of
the neural circuits that regulate feeding behavior, in order to reduce the internal drive to eat.
Therefore, it is important to have a better understanding of the neurobiological mechanisms
that regulate feeding behavior, as this will progress the development of pharmacological
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agents that increase the effectiveness of lifestyle interventions [40].

Using genetics to target specific neural pathways

The functional characterization of neural circuits is largely dependent on the means that
allow for their identification. The advent of genetics has greatly contributed to the mapping
of neural circuits and the characterization of their role in generating behavior, by permitting
classification of neural populations on a cellular scale. As such, genetics provides a framework
to guide the identification and functional characterization of neural circuits, since genes do
not function on their own, but in a network of specialized cell, such as neurons.

As discussed earlier, the studying of the monogenic causes of obesity have already re-
sulted in the identification of systems that are devoted to the regulation of feeding behavior
[41]. In these rare cases, the mutated alleles have large effect sizes, which made their identi-
fication relatively easy. In most obese individuals however, the phenotype is caused by the
complex interplay of a plethora of genes of small effect sizes, complicating their identification.
Hypothesis-free approaches such as genome-wide association (GWA) studies have identified
several additional candidate genes which await further characterization [42, 43, 44]. While
at the same time confirming the involvement of earlier findings (e.g. genetic variants in
POMC and BDNF associate with obesity), these obesity-associated genes provide clues on
additional mechanisms that generate feeding behavior, possibly leading to the discovery of
unknown neuronal populations that control energy balance.

Genetics has also been indispensable in the characterization of the behavioral influence
of specifc neuronal populations, especially since the recent development of receptors that en-
able remote control over in vivo neuronal activity, such as channelrhodopsin, halorhodopsin
and designer receptors exclusively activated by designer drugs (DREADDs) (for a review,
see [45]). The use of Cre-LoxP recombination in genetically-targeted neural populations and
cell-specific promoters makes it possible to deliver these receptors to specific neural popu-
lations and assess the behavioral effects of the neurons they are expressed in [46, 47, 48]. If
used in this way, genetics enables the investigation of behavioral effects of distinct neural
pathways and thus not only aids the identification of novel neural circuitries involved in
feeding behavior, but also guides subsequent functional characterization.

Scope and outline of this thesis

The work presented in this thesis aims to expand the body of knowledge that exists on which
neural pathways contribute in what way to the etiology of obesity. In order to gain more
insight in the multitude of neural circuits that regulate energy balance, several approaches
were used to identify and further characterize neural populations that are candidate to be
involved in the etiology and thus to be ‘obesogenic’. All work was done in rats, as they can be
used for invasive in vivo research, which is prerequisite for the functional characterization of
neural circuits. In addition, they display more complex behavior and share more similarities
with human physiology than mice do.

In the studies described in chapter two to four, we characterized the expression levels in an
attempt to functionally characterize a subset of obesity-associated genes. As the association
of these genes with obesity has been robustly replicated, it can be safely assumed that genetic
variants of these genes do contribute to the etiology of obesity [41]. One limitation of GWA
studies however is that these associations do not inform on how these genetic variants might
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contribute to the etiology of obesity, as the single nucleotide polymorphisms (SNPs) that
tag obesogenic genomic regions are most often not causal and thus do not provide any clue
on why the association is found. One approach to circumvent this problem is to completely
sequence these obesogenic genomic regions using next-generation sequencing. While this
will give insight in why the identified region is obesogenic (for example because it results in
impaired protein function or altered expression levels of the protein), it still does not clarify
where in the body the gene acts to promote energy storage. That is why the study described
in chapter two was performed, in which the expression patterns of a subset of the obesity-
associated genes studies were determined in coronal slices of hypothalamic and midbrain
areas, to explore candidate regions in which these obesity-associated genes might act. In
addition, the expression levels of those genes in the aforementioned regions were assessed
after exposure to different diets, in an attempt to see if alterations in energy balance would
affect the expression of those genes. Indeed, the expression levels of four out of five genes
showed dependence on nutritional state.

The obesity-associated genes e-twenty six version 5 (Etv5 ) and neural growth regulator
1 (Negr1 ) were the most prominent targets for further characterization as they are highly
expressed in the VTA/SNpc and VMH respectively. In addition, the expression levels were
dependent on nutritional state, suggesting that they regulate energy balance in these areas.
In the study described in chapter three, AAV-mediated gene transfer was used to determine
whether increased expression of Etv5 in the VTA/SNpc affects body weight, food intake
and/or the willingness to obtain sucrose pellets, while in the experiments described in chapter
four, AAV-mediated techniques were used to determine the effects of both downregulated
and increased hypothalamic Negr1 levels on energy balance.

The focus of the studies described in chapter five and six was on the dopaminergic system,
to gain more insight in the function of those areas in the regulation of hedonic feeding. In
chapter five, a novel fluorescent in situ hybridization technique was used to quantify the
percentage of striatal cells that (co)express dopaminergic receptors and receptors of the
cannabinoid, melanocortin or opioid neurotransmitter systems, to assess the sensitivity of
the dopaminoceptive striatal populations to other neurotransmitter systems involved in the
regulation of feeding behavior. In chapter six, a combination of the canine adenovirus-2 with
DREADD-technology was used to specifically activate the predominant dopaminergic neural
populations that projects from the VTA to the Acc and determine consequent changes in
behavior. This study was designed to validate the use of this procedure, which allows for the
specific targeting of neural pathways and permits the manipulation of their activity, thereby
enabling the functional characterization of those neural pathways.
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Abstract

Obesity is a risk factor for type II diabetes, atherosclerosis and some forms of cancer. Vari-
ation in common measures of obesity (e.g. BMI, waist/hip ratio) is largely explained by
heritability. The advent of genome-wide association studies has made it possible to identify
several genetic variants that associate with measures of obesity, but how exactly these genetic
variants contribute to overweight has remained largely unresolved. One first hint is given by
the fact that many of the associated variants reside in or near genes that act in the central
nervous system, which implicates neuronal signaling in the etiology of obesity. Although
the brain controls both energy intake and expenditure, it has more capacity to regulate en-
ergy intake rather than energy expenditure. In environments where food is abundant, this
renders the body prone to weight increases. To gain more insight into the neurobiological
mechanisms involved, we set out to investigate the effect of dietary exposure on the expres-
sion levels of obesity-associated genes in the ventro-medial hypothalamus/arcuate nucleus
and the substantia nigra/ventral tegmental area, two brain regions that are implicated in
feeding behavior. We show that the expression of Etv5, Faim2, Fto, Negr1 but not Sh2b1 is
affected by nutritional state in these two areas, thereby providing insight into the relation-
ship between nutritional state and expression levels of obesity-associated genes in two brain
areas relevant to feeding.
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Nutritional state affects the expression of obesity-associated genes

Introduction

Increasing wealth in Western societies has led to a large increase in the availability of food.
Coinciding with this increase is the rapidly growing number of humans that suffer from
obesity - a risk factor for type II diabetes, atherosclerosis and some forms of cancer [1].
As two common measures of obesity (i.e. BMI, waist/hip ratio) are highly heritable traits
(h2=0.4-0.7) [2, 3], the question arises which genetic determinants predispose to overweight.
Much progress has been made with the conduction of large scale genome-wide association
studies (GWAS), that identified several genetic variants that contribute to increased weight
[4, 5]. Most of these genetic variants reside in or near genes that act in the central nervous
system. Together with the notion that the brain regulates feeding behavior and energy
expenditure, this implicates neuronal components in the etiology of obesity.

Several studies have been performed to identify the possible effects of these associated
loci on other measures than BMI, for instance on dietary intake and fat distribution. These
studies facilitate the understanding of the mechanism via which allelic variation in or near
obesity-associated genes contribute to differences in BMI. Bauer et al. for example, showed
that several associated loci harbor genetic variants that contribute to the intake of specific
macronutrients [6]. The success of these approaches is largely determined by the selection of
the correct phenotypes to associate the genetic variance with. The use of animal models will
aid this process because it allows for the functional characterization of the obesity-associated
genes in a more controlled setting. The draw on animal models has already elucidated the
function of some of the obesity-associated genes. Bdnf (brain-derived neurotrophic factor),
Mc4r (melanocortin 4 receptor) and Pomc (proopiomelanocortin) for example, which are
among the most strongly obesity-associated genes as reported by the GWA studies, are
clearly implicated in the regulation of energy balance [7, 8]. For many of the other obesity-
associated genes such a clear link to the etiology of obesity remains unknown, so a first step
is to investigate if the expression of these genes is affected by nutritional state.

During the writing of this manuscript, Gutierrez-Aguilar et al. reported that the expres-
sion of some obesity-associated genes was altered by nutritional state, confirming results of
earlier studies [9]. We made use of different dietary regimes and focused on specific brain
areas. The comparison of such studies will ease the understanding of the function that these
obesity-associated genes play with respect to regulation of energy balance [9, 10, 11, 12].

We have focused on two distinct brain areas that are known to be implicated in feed-
ing behavior. The arcuate nucleus (ARC) and the ventro-medial hypothalamus (VMH) are
key hypothalamic regions that integrate peripheral metabolic signals and receive input from
multiple other metabolic centers in the brain. The ARC comprises two functionally distinct
neuronal populations [13]. One population is orexigenic and expresses both NPY (neuropep-
tide Y) and AGRP (agouti-related protein), while the other population is anorexigenic and
expresses both POMC and CART (cocaine- and amphetamine-regulated transcript). Mu-
tually important for the regulation of feeding behavior are the substantia nigra (SN) and
the ventral tegmental area (VTA). While the hypothalamic centers deal with homeostatic
feeding, the SN/VTA is implicated in the motivational aspects of food intake and includes
dopaminergic systems [14].

In the present study, adult rats were exposed to a restricted feeding or an overfeeding
regime to cause changes in measures of obesity. The choice of regimes was based on the
fact that exposure to these regimes have been shown to affect measures of obesity and
gene expression before [15]. After the dietary interventions, changes in mRNA levels of
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obesity-associated genes were determined in the ARC/VMH and SN/VTA. As an internal
control, expression levels were also determined in the dentate gyrus (DG) - a region that is
not majorly implicated in the regulation of energy balance. To be included in this study,
the obesity-associated genes had to meet two criteria. First, the genes should not already
have been extensively studied in relation to their expression levels and dietary exposure and
second, the gene should show enriched basal expression in the areas of interest as shown
in the Allen Brain Atlas (http://www.brain-map.org). After application of these criteria,
Etv5, Faim2, Fto, Negr1 and Sh2b1 were included as subject of study.

Etv5 (E-twenty six version5) is part of the ETS-family of transcription factors, which
is implicated in a diverse range of developmental and pathogenic processes. Etv5 -/- mice
have reduced body weights compared to wild-type controls [16], indicating that Etv5 protects
against weight loss.

Both Faim2 (fas-apoptotic inhibiting molecule 2) and Negr1 (neural growth regulator 1)
have been implicated in neuronal plasticity [17, 18]. Faim2 is a neuron-specific inhibitor of
the Fas/CD95 pathway, which apart from its role in apoptosis also serves to induce neuro-
and neuritogenesis [17]. FAIM2 is protective after brain ischemia and has been implicated
in terminal differentiation and synapse formation, which is in line with its localization in
postsynaptic membranes and dendrites [18]. Negr1 has been identified as a cell adhesion
molecule [19]. When overexpressed in hippocampal cultured neurons, Negr1 influences the
number of dendritic synapses, indicating a clear role for Negr1 in neural plasticity [19, 20].

Pinto et al. were the first to link leptin and ghrelin to synaptic reorganization in the
arcuate nucleus [21]. Although this synaptic remodeling is induced via humoral signals, the
process itself is warranted by a diverse range of proteins, e.g. membrane and anchoring
proteins. Faim2 and Negr1 are candidates to mediate parts of the synaptic remodeling that
takes place after changes in nutritional state. Genetic variants in Fto (fat mass and obesity
associated) have the highest association of all obesity-associated genes [4, 5]. Fto encodes a
2-oxoglutarate–dependent nucleic acid demethylase and it has also been implicated in several
cellular processes such as fatty acid metabolism, oxygen sensing and DNA/RNA modifica-
tions [22]. Its exact role is far from unraveled, but most studies pinpoint single stranded
RNA as the preferred substrate [23]. In this case, FTO might act upon the expression of
key metabolic genes by modifying mRNA molecules in relevant tissues. Apart from trying
to resolve the cellular function of FTO, research has also focused on its physiological role in
animal models. Complete deletion of Fto in mice leads to reduced body weight and fat mass
when fed a chow diet [24]. Furthermore, Fto -/- mice have an increased metabolic rate, high
mortality rates in the early postnatal period, elevated catecholamine levels and reduced ac-
tivity [24]. Ubiquitous overexpression of Fto leads to an increase in food intake but does not
result in changes in energy expenditure or activity levels [25]. Furthermore, modulation of
Fto expression in the arcuate nucleus affects food intake; overexpression leads to a decrease
in food intake, while knockdown results in an increase in food intake [12]. Interestingly, Fto
is expressed in Pomc neurons, which could mean that Fto is able to influence the action
of these neurons and in this way manipulates energy intake and expenditure [12]. Finally,
Complete deletion of mouse Sh2b1 (sh2b adaptor protein 1) results in morbid obesity, dis-
turbed energy balance and leptin resistance [26]. In humans, deletions of the 16p11.2 region
in which Sh2b1 is present are associated with severe developmental delays and obesity [27],
indicating that SH2B1 promotes energy expenditure. This is further exemplified by the fact
that SH2B1 acts in the leptin signaling pathway. It enhances the activation of JAK2, which
in turn regulates the activation of STAT3 and subsequent players that are involved in the
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control of energy balance [26]. Restoring the neuronal function of Sh2b1 in Sh2b1 -/- mice
rescues the obese phenotype, indicating that SH2B1 primarily acts in the central nervous
system [28].

In sum, the focus on Etv5, Faim2, Fto, Negr1 and Sh2b1 is supported by the fact that
for all of these proteins a cellular/molecular function has been described. Linking described
protein functions with the expression levels of these genes in a physiological relevant animal
model will shed light on the functions of these genes in relation to the etiology of obesity.
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Results

Exposure to different diets causes changes in measures of obesity

To cause changes in measures of obesity, adult rats were exposed to three different feeding
regimes and compared with chow-fed animals (CTRL) (figure 1, page 23). After 7 days of
access to a high-fat high-sucrose choice diet (HFHS), no differences in body weight were
observed, which fits earlier observations [15]. HFHS animals did show an increase in total
weekly energy intake of 219.1 calories, which corresponds to an increase of (+37%). Leptin
levels were elevated in HFHS animals by 1.52 ng/ml plasma (+36%), while no significant
difference could be observed for ghrelin levels. Fat pad masses were increased in HFHS
animals, with an increase of 0.11 g/100 g body weight for EWAT (+26%) and an increase of
0.16 g/100 g body weight for SWAT (+27%). Restricting the access to food (RFS) caused
a decrease in body weight of 100 g (-31%) and a decrease in total weekly energy intake of
332.7 calories (-58%). Leptin levels were decreased by 2.31 ng/ml blood plasma (-64%), while
ghrelin levels were increased with 0.75 ng/ml plasma (+119%). EWAT mass was decreased
in RFS animals with 0.165 g/100 g body weight (-40%), while no significant difference in
SWAT mass could be observed.

In situ hybridization analysis reveales differentially expressed
GWAS genes after exposure to different diets

To investigate if exposure to different feeding regimes can affect the expression of obesity-
associated genes, mRNA levels of the selected genes were analyzed in ARC/VMH, SN/VTA
and DG by means of in situ hybridization (figures 2 and 3, page 24 and 25). HFHS exposure
resulted in a significant decrease of Etv5 expression in the ARC/VMH of (-39%), while RFS
exposure resulted in a significant decrease in Etv5 expression in the VTA/SN of (+34%).
A significant increase of (+44%) in Faim2 expression was observed in the ARC/VMH after
exposure to the RFS. Exposure to RFS also resulted in significant increases in expression in
the ARC/VMH for Fto (+45%) and Negr1 (+22%). None of the dietary exposures resulted
in significant changes in the expression of Sh2b1 in any of the brain areas. Finally, none of
the genes were differentially expressed in the DG.
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Figure 1

Changes in measures of obesity after exposure to HFHS or RFS. (A) Body weight. (B)
Total caloric intake (C) Leptin and Ghrelin plasma levels. (D) EWAT and SWAT mass. Bars
represent mean percentage of CTRL values (±SEM). * represent significant differences
between diet and CTRL (p<0.05).

’
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Figure 2
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Representative expression patterns of obesity-associated genes used for expression
quantification. All the pictures are from the CTRL group. Depicted in the left column are
pictures that were used for expression quantification in the ARC/VMH and in the DG. The
right column shows pictures that were used for expression quantification in the SN/VTA.
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Figure 3

Expression levels of the obesity-associated genes in different brain areas. Bars rep-
resent percentage of CTRL values (±SEM). * represent a significant difference between
diet and CTRL (p<0.05). Abbreviations: ARC = arcuate nucleus, VMH = ventro-medial
hypothalamus, VTA = ventral tegmental area, SN = substantia nigra, DG = dentate gyrus.
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Table 1

Primer positions for probe template generation (in situ hybridization)

Gene Accession number FW primer RV primer Size (bp)
Etv5 NM 001107082.1 532-551 1248-1229 717
Faim2 NM 144756.2 46-65 600-581 555
Fto NM 001034802.1 537-556 1360-1341 824
Negr1 NM 021682.1 144-163 699-680 556
Sh2b1 NM 1334456.3 582-601 1533-1514 952

NM 001048180.1 282-301 1233-1204 952
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Discussion

Here, we showed that experimentally induced changes in measures of obesity in an animal
model affect the expression of Etv5, Faim2, Fto, and Negr1. The largest changes in mRNA
expression were observed in the ARC/VMH after exposure to RFS, which reflects the es-
tablished role of the ARC/VMH to cope with a negative energy balance and to maintain
body weight. Furthermore, we observed that Etv5 expression was decreased in both the
ARC/VMH and VTA/SN after exposure to HFHS or RFS respectively. This observation
might point towards a role for Etv5 in the ARC/VMH as well as in the VTA/SN. Finally,
we did not observe any significant effect of nutritional state on the expression levels of
obesity-associated genes in the DG, showing specificity for feeding-associated brain areas.

Both the expression of Faim2 and Negr1 are elevated in the ARC/VMH after exposure
to RFS. FAIM2 inhibits the apoptotic Fas/CD95 pathway. However, this pathway is also
implicated in neurogenesis and neurite outgrowth and the increased expression of Faim2
is likely to reflect recruitment of the latter functions [17]. Increased expression of Negr1
has been observed to increase as well as decrease the number of synapses in cultured hip-
pocampal neurons, depending on the stages of culturing and concomitant changes in cellular
localization [19]. Synaptic reorganization has been shown to occur in the ARC/VMH af-
ter changes in nutritional state and these processes are mediated by humoral signals [21].
As exposure to RFS leads to increased ghrelin and decreased leptin levels, the expression
increases in Faim2 and Negr1 could be a consequence of these humoral changes.

To get a grasp on the putative function of FTO in distinct anatomical regions, several
studies have been performed to see if Fto expression is altered in different nutritional states
[9, 11, 12, 29]. As hypothalamic nuclei show strong Fto expression, these studies concen-
trated on these areas. We observed increased expression levels of Fto after exposure to
RFS in the ARC/VMH. This is consistent with two other studies that reported increased
expression of Fto in hypothalamic regions of mild fasting paradigms (<24 hours) [10, 11].
Prolonged fasting (>48 hours) has the exact opposite effect on Fto expression in hypothala-
mic nuclei [22, 29]. Our results also indicated a trend (p=0.07) towards decreased expression
after exposure to HFHS, which is consistent with the study of Gutierrez-Aguilar et al., in
which rats were exposed to a high-fat diet for six weeks as opposed to 8 days in the present
study [9]. Tung et al. however, found that Fto expression is upregulated in the rat ARC ten
weeks of exposure to a high-fat diet [12]. This discrepancy could be due to different periods
of exposure (1-6 weeks vs. 10 weeks) or to the composition of the diets. Nonetheless, these
results strongly indicate that nutritional state is reflected in the expression levels of Fto.

The present results did not show any differences in expression for Sh2b1, which is not
congruent with the result of the study of Gutierez-Aguilar et al., that reported decreased
expression of Sh2b1 in the hypothalamus after exposure to a high-fat diet [9]. This discrep-
ancy might be due to different periods of exposure to the high-fat diet. High-fat diets have
been shown to lower the sensitivity to leptin in the ARC/VMH after prolonged exposures
(>4 weeks) [30]. As Sh2b1 is a positive regulator of leptin-signaling and Sh2b1 -/- mice are
leptin-resistant [26], decreased levels of Sh2b1 transcripts could reflect a lowered sensitivity
to leptin.

In conclusion, while GWAS has identified several genetic variants that associate with
the occurrence of obesity, the task at hand is to identify their exact role in relation to the
control of energy balance. The present results, along with results from earlier studies offer
a first step in this direction. Knowledge of the effect of nutritional state on the expression
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of obesity-associated genes directs and specifies follow-up studies to reveal the role of these
genes in the regulation of energy balance, for example using RNA interference techniques and
neuron-specific deletion of GWAS genes. Such studies will reveal the relationship between
expression levels of obesity-associated genes and energy balance, hopefully leading to the
discovery of novel pathways that are implicated in the etiology of obesity and advancing the
development of novel treatments.
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Materials and methods

Animals

Male Wistar rats (Charles-River, Germany) were used (n=24), ranging in weight from 200 to 250
grams. The animals were housed individually in plexiglas cages(378x217x180 cm) in a controlled
environment under a 12:12 light/dark cycle with lights on at 0700 h. Rats were allowed to adapt
to their environment for 7 days. The experiments were approved by the Animal Ethics Committee
of the University Medical Centre Utrecht, according to Dutch legislation.

Experiment A

Animals were divided into two experimental groups using matched weight criteria. Control (CTRL)
animals and high-fat high-sucrose (HFHS) fed animals had ad libitum access to water and chow
(special diet services, UK). In addition, HFHS animals had ad libitum access to saturated fat
(Vandemoortele, Belgium) and a 30% sucrose solution (Suiker Unie, the Netherlands) as well.
Body weight and caloric intake were determined each day at 1245. After 8 days, all animals were
decapitated between 1215 h and 1245 h within 10 s after they had been taken from their home cages.
Brains were quickly frozen and stored at -80 ◦C until further analysis. Epididymal white adipose
tissue (EWAT) and subcutaneous white adipose tissue (SWAT) were collected and weighed. Trunk
blood was collected in plastic tubes containing EDTA and aprotinin and subsequently centrifuged.
Blood plasma was stored at -20 ◦C. Plasma concentrations of the hormones ghrelin and leptin were
determined as described elsewhere [31].

Experiment B

Animals were divided into two experimental groups using matched weight criteria. All animals had
ad libitum access to water. CTRL had ad libitum access to chow. Restricted feeding schedule
(RFS) animals had access to chow from 1300 h to 1500 h. Body weight and caloric intake were
determined at 1245 h. After 14 days, all animals were sacrificed by decapitation between 1215 h
and 1245. For the remainder, all experimental procedures were performed as described above. 33P
in situ hybridization Coronal sections (μm) were used for radioactive in situ hybridization (raISH).
33P-labeled antisense RNA probes were synthesized for quantification of Etv5, Faim2, Fto, Negr1
and Sh2b1 mRNA levels (see table 1, page 26 for probe design). The synthesis of the RNA-probes
and the raISH were performed as described elsewhere [31]. The films were developed and expression
levels of Etv5, Faim2, Fto, Negr1 and Sh2b1 were digitalized using an Epson Perfection 4990 Photo
flatbed scanner (Epson America Inc., Long Beach, CA, USA). Calibration curves were plotted
after determination of the gray values of 14C microscales (Amersham Biosciences, Sweden) and the
reference values for the nCi/g tissue wet weights, which were supplied by the manufacturer. The
calibration curves were subsequently used to determine the nCi/g tissue wet weight values of the
gene expression products. Semi-quantitative analysis of mRNA levels was done using the public
domain Java image processing program ImageJ (US National Institutes of Health, Bethesda, MD,
USA). Regions of interest (ARC/VMH, SN/VTA and DG) were identified by means of a stereotaxic
atlas. Regions of interest were bilaterally analyzed in 10 adjacent sections by an observer that was
unaware of the experimental group composition. Grey values and thus the nCi/g tissue wet weight
were determined by placing circles (the number depended on the region of interest) with a diameter
of 0.5 mm bilaterally over the region of interest. Circles were placed in such a way that the regions of
interest were totally covered without any overlap between neighboring circles. ImageJ determined
the grey levels within the circles which were then averaged. Specific signal was calculated after
subtraction of the background value, which was determined within the dorsal white matter column.

29



Chapter 2

Statistical analysis

Independent t-tests were performed with SPSS 15.0 (IBM Corp., Armonk, NY, USA) to determine
the specific effects of each experimental manipulation compared with the appropriate controls. The
significance threshold was set at α=0.05.
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Abstract

Several genome-wide association studies have implicated the transcription factor E-twenty-
six version 5 (Etv5 ) in the regulation of body mass index. Further substantiating the role of
Etv5 in feeding behavior are the findings that targeted disruption of Etv5 in mice leads to
decreased body weight gain and that expression of Etv5 is decreased in the ventral tegmental
area and substantia nigra pars compacta (VTA/SNpc) after food restriction. As ETV5 has
been suggested to influence dopaminergic neurotransmission by driving the expression of
genes that are responsible for the synthesis and release of dopamine, we investigated if
expression levels of Etv5 are dependent on nutritional state and subsequently influence the
expression levels of tyrosine hydroxylase. While it was shown that Etv5 expression in the
VTA/SNpc increases after central administration of leptin and that Etv5 was able to drive
expression of tyrosine hydroxylase in vitro, AAV-mediated gene transfer of Etv5 into the
VTA/SNpc of rats did not alter expression of tyrosine hydroxylase in vivo. Moreover, AAV-
mediated gene transfer of Etv5 in the VTA/SNpc did not affect measures of energy balance
or performances in a progressive ratio schedule. Thus, these data do not support a role for
increased expression of Etv5 in the VTA/SNpc in the regulation of feeding behavior.
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Introduction

Genome-wide association studies (GWAS) have identified over 30 common genetic variants
that associate with an increase in body mass index (BMI), the most commonly used proxy
for obesity [1, 2, 3]. One of these associated variants is a variant of the transcription factor
ETS version 5 (Etv5 ), implicating Etv5 in the etiology of obesity. That Etv5 is essential
to the regulation of energy balance is evidenced by the finding that targeted disruption of
Etv5 leads to decreased body weight gain [4]. Although it is unclear how Etv5 is involved in
regulating energy balance, there is evidence that Etv5 reacts to changes in nutritional status,
as food restriction decreases expression levels of Etv5 in the substantia nigra pars compacta
(SNpc) and the ventral tegmental area (VTA) [5]. Especially the latter is important for
obesity related feeding behavior, as it harbors dopaminergic neurons that are involved in
food motivated behavior [6].

Etv5 is hypothesized to function in the dopaminergic system, because of the ETS tran-
scription factor axon-steering defect-1 (Ast-1 ), which is a nematode homologue of Etv5. In
C. elegans, Ast-1 is indispensable to the development of dopaminergic neurons, by driving
the expression of genes that determine dopaminergic cell fate, such as tyrosine hydroxylase
(Th). Etv5 might serve a similar function in mammals, as is indicated by its ability to drive
the expression of Th in vitro [7]. However, while Ast-1 is vital to dopaminergic development
in C. elegans, Etv5 expression in the VTA/SNpc is only detectable after birth, well after
the development of the dopaminergic system. Moreover, deletion of Etv5 does not lead to
obvious malformations in the dopaminergic system [8]. While these findings largely rule out
an influence of Etv5 on the development of the mammalian dopaminergic system, they do
not exclude a role for Etv5 in dopaminergic signaling in adult stages.

Given the indications that Etv5 is involved in obesity and given its presumed role in
dopaminergic signaling, we here further characterize the role of Etv5 in the etiology of
obesity, by determining whether ETV5 stimulated the TH promoter, whether expression of
Etv5 in VTA is regulated by leptin and whether overexpression of Etv5 affects body weight,
food intake and/or the motivation to work for a sucrose pellet.
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Results

Effect of leptin on expression of Etv5 in the VTA and the SNpc

To extend on the previous finding that Etv5 expression is decreased after a period of food
restriction, the effect of central administration of leptin on the expression of Etv5 in the
VTA/SNpc was determined both after exposure to CHOW and HFHS (figure 1, page 38). No
significant effect of dietary exposure on Etv5 expression in either the VTA (two-way ANOVA,
f=0.016, p=0.901) or the SNpc (two-way ANOVA, f=0.395, p=0.535) was observed. Central
leptin administration did significantly increase the expression of Etv5 in both the VTA (two-
way ANOVA, f=5.016, p =0.033) and the SNpc (two-way ANOVA, f=10.660, p=0.003),
independent of dietary exposure, showing that Etv5 expression in both the VTA and SNpc
reacts to increases in leptin levels.

pAAV-ETV5 drives expression from the TH-promoter

As our previous results indicated that Etv5 expression in the VTA/SNpc reacts to changes
in energy balance, we decided to construct the pAAV-ETV5 vector and test its ability to
drive Th expression in HEK293 cells by means of a dual luciferase reporter assay (figure
2, page 39). Increasing amounts of pAAV-ETV5 increased luciferase expression from the
THp-pGl3 vector, up to 800% of baseline values (one way ANOVA, f=20.525, p<0.001), for
all concentrations of pAAV-ETV5 (post-hoc LSD, p¡0.001), indicating that ETV5 is able to
drive Th expression in vitro and validating the use of pAAV-ETV5 to investigate if Etv5 is
able to drive Th expression in vivo.

Infusion of AAV-ETV5 in the VTA/SNpc increases expression levels
of Etv5

To validate the effectiveness of AAV-ETV5 in increasing Etv5 expression in the VTA/SNpc,
we quantified expression levels of Etv5 in both the VTA and SNpc of AAV-GFP and AAV-
ETV5 animals (figure 3, page 40). Indeed, AAV-ETV5 led to increased expression levels in
both the VTA (t-test, t=-14.211, p<0.001) and the SNpc (t-test, t=-6.381, p<0.001) (figure
3A-C). Moreover, infusion of AAV-GFP led to GFP expression in the VTA/SNpc, indicating
that infusions were correctly placed (figure 3D).

Infusion of AAV-ETV5 in the VTA/SNpc does not lead to alter-
ations in energy balance

To investigate if increased expression of Etv5 in the VTA/SNpc alters the regulation of
energy balance, AAV-ETV5 and AAV-GFP injected animals were compared under dif-
ferent dietary exposures (figure 4, page 41). Under none of the dietary exposures, body
weight was significantly different between the groups (CHOW (repeated measures ANOVA,
f=2.724, p=0.124), RFS (t-test, t=0.409, p=0.649), REF (t-test, t=0.409, p=0.691) & HFHS
(repeated measures ANOVA, f=1.055, p=0.325) (figure 4A), nor was total caloric intake
(CHOW (repeated measures ANOVA, f=1.4279, p=0.249), RFS (t-test, t=0.087, p=0.932),
REF (t-test, t=-1.106, p=0.292) & HFHS (repeated measures ANOVA, f=1.551, p=0.239)
(figure 4B). Infusion of AAV-ETV5 in the VTA/SNpc did not affect locomotor activity (uni-
variate ANOVA, f=1.666, p=0.209) (figure 4C) or body temperature (univariate ANOVA,
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f=3.429, p=0.092) (figure 4D) in the light or dark phase, suggesting that increased expres-
sion of Etv5 in the VTA/SNpc does not have a major effect on the regulation of energy
balance.

Infusion of AAV-ETV5 in the VTA/SNpc has no effect on perfor-
mance in a progressive ratio schedule

As increased expression of Etv5 was not able to induce major changes in the regulation of
energy balance, we tested the possibility that increased expression of Etv5 affects the willing-
ness to obtain sucrose pellets. The effect of increased expression of Etv5 in the VTA/SNpc
on the performance in a PR schedule was determined, both under CHOW and RFS exposure
(figure 5, page 42). During none of the dietary exposures differences in the daily average
of ALP (CHOW (Mann-Whitney U test, z=-0.315, p=0.735), RFS (Mann-Whitney U test,
z=-0.105, p=0.916) (figure 5A) or obtained sucrose pellets (CHOW (Mann-Whitney U test,
z=-0.315, p=0.735), RFS (Mann-Whitney U test, z=-0.105, p=0.916) (figure 5B) could be
observed, suggesting that increased expression of Etv5 does not influence the willingness to
work for sucrose pellets.

Increased expression of Etv5 in the VTA/SNpc has no effect on Th
expression

We next determined if Etv5 is able to drive Th expression in vivo. To this end, the levels
of Th expression in the VTA and SNpc of AAV-ETV5 and AAV-GFP injected animals
were compared using radioactive in situ hybridization (figure 6, page 43). No significant
differences between the experimental groups could be observed for either the VTA (t-test,
t=-1.952, p=0.061) or the SNpc (t-test, t=-0.722, p=0.476).
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Figure 1

Central leptin administration affects Etv5 expression, irrespective of diet. Depicted
are the mean expression levels (+SEM) of Etv5 in the (A) VTA and (B) the SNpc in percent-
age of baseline values after exposure to CHOW or HFHS diets and central administration
of leptin or saline. Dietary exposure did not affect Etv5 expression in the VTA or the SNpc,
while central leptin administration did affect expression of Etv5 in both the VTA and the
SNpc. * indicate a significant difference of p<0.05 and *** indicate a significant difference
of p<0.01.
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Figure 2

pAAV-ETV5 is able to drive expression from the TH-promoter. Depicted are the mean
normalized levels (+SEM) of luciferase activity after increasing amounts of pAAV-ETV5 or
pAAV-CTRL. Increasing amounts of pAAV-GFP did not influence luciferase activity, while
pAAV-ETV5 did increase luciferase activity, for all concentrations of pAAV-ETV5. *** indi-
cate a significant difference of p<0.01.

’
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Figure 3

Infusion of AAV-ETV5 leads
to increased expression of
Etv5 in both the VTA and
SNpc. (A,B) Representative
pictures of Th expression. In-
fusion of (A) AAV-ETV5 but
not (B) AAV-GFP leads to in-
creased expression of Etv5 in
the VTA/SNpc. (C) Infusion of
AAV-ETV5 did significantly in-
crease Etv5 expression in both
the VTA and SNpc. Bars
represent average percentage
(+SEM) of Etv5 expression of
AAV-CTRL animal, with *** in-
dicating a significant difference
of p<0.01. (D) Representa-
tive picture of GFP expression.
AAV-GFP did lead to GFP ex-
pression in the VTA/SNpc.
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Figure 4

Infusion of AAV-ETV5 in the VTA/SNpc does not lead to alterations in energy balance.
(A,B) Depicted are the mean body weight and total caloric intake (±SEM) of AAV-GFP and
AAV-ETV5 animals in the weeks after surgery. Under none of the dietary exposures AAV-
ETV5 influenced (A) body weight or (B) total caloric intake. (C,D) Depicted are the average
locomotor activities and body temperatures (+SEM) of AAV-GFP and AAV-ETV5 in the light
and dark phase. Both (C) locomotor activity and (D) body temperature were unaffected by
infusion of AAV-ETV5 in the VTA/SNpc. Abbreviations: RFS = restricted feeding schedule,
REF = refeeding diet, HFHS = high-fat high-sucrose diet.
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Figure 5

Infusion of AAV-ETV5 in the VTA/SNpc has no effect on performance in a PR sched-
ule. (A,B) Depicted are the daily means of active lever presses and obtained sucrose pel-
lets (+SEM) of AAV-GFP and AAV-ETV5 animals under CHOW and RFS exposure. AAV-
ETV5 did not have an effect on the amount of (A) active lever presses or (B) obtained
sucrose pellets under exposure to CHOW or food restriction (RFS).
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Figure 6

Increased expression of Etv5 in the VTA/SNpc has no effect on Th expression. (A)
Representative pictures of Th expression. (B) Infusion of AAV-ETV5 did not influence Th
expression significantly in either the VTA or SNpc. Bars represent average percentage
(+SEM) of Th expression of AAV-CTRL animals.
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Discussion

In this study, we investigated the possibility that Etv5 affects body weight by acting in
VTA/SNpc, where dopamine neurons are located that mediate hedonic aspects of feeding.
We tested whether Etv5 drives the expression of TH and whether overexpression of Etv5 in
VTA/SNpc affects regulation of energy balance. Previously, we found that Etv5 expression
in the VTA/SNpc is decreased after food restriction, which coincided with decreased leptin
levels [5]. Here, we extend on this finding by showing that that central administration of
leptin led to increased expression of Etv5 in both the VTA and the SNpc. Taken together,
these results indicate that Etv5 expression in the VTA/SNpc reacts to changes in leptin
levels and energy balance, which suggests that Etv5 functions in these areas to regulate
feeding behavior. Subsequently, we set out to test the hypothesis that Etv5 is involved in the
regulation of feeding behavior via exerting influence over dopaminergic neurotransmission.
We validated the finding that Etv5 is able to drive Th expression in vitro [7], by showing
that the pAAV-ETV5 vector was able to drive Th expression in a dual luciferase reporter
assay and decided to use this vector to investigate the influence of Etv5 on dopaminergic
signaling and the regulation of energy balance in vivo.

We infused AAV-ETV5 in the VTA/SNpc to induce increased Etv5 expression and de-
termined subsequent effects on the regulation of energy balance. However, none of the
measured parameters (body weight, caloric intake, locomotor activity and body tempera-
ture) were different between AAV-ETV5 and AAV-GFP animals, under any of the dietary
exposures (CHOW, RFS, REF and HFHS). Increased expression of Etv5 in the VTA/SNpc
did not affect the motivation to obtain food rewards either, as the performance in a pro-
gressive ratio schedule was equal between AAV-ETV5 and AAV-GFP animals, under both
of the dietary exposures (CHOW and RFS).

After assessing the behavioral effects of increased Etv5 expression in the VTA/SNpc,
we employed radioactive in situ hybridization to assess the effect of AAV-ETV5 infusion on
the cellular level. While AAV-ETV5 did induce increased expression of Etv5 in both the
VTA and the SNpc, it did not alter the expression of Th in these areas, although a trend
was observed for increased expression of Th in the VTA of AAV-ETV5 animals. A possible
explanation for the discrepancy between the in vitro and in vivo experiments is that Th
expression is under the control of more transcription factors than Etv5, thereby blunting
the influence of Etv5 on Th expression in vivo. Experiments designed to decrease Etv5
expression in the VTA/SNpc might yield stronger cellular effects and do cause detectable
changes in feeding behavior.

In sum, the results from this study indicate that expression of Etv5 in the VTA/SNpc
reacts to changes in energy balance, but that increases in its expression levels do not alter Th
expression in vivo or induce significant effects on the feeding behavior. However, the present
results do not necessarily exclude a role for Etv5 in the VTA or the SNpc in the regulation of
feeding behavior via influence over dopaminergic neurotransmission. We did observe a trend
towards increased Th expression in the VTA of AAV-ETV5 animals and Th is only one out
of several genes that is involved in the regulation of dopaminergic neurotransmission. It
is thus still possible that Etv5 influences dopaminergic neurotransmission and subsequent
experiments designed to evaluate the effect of Etv5 on dopaminergic neurotransmission are
needed. In light of the findings that dopamine levels in the nucleus accumbens and Th
expression in the VTA are under the control of leptin-responsive neurons that originate in
the lateral hypothalamus [9, 10], Etv5 is still an interesting candidate to consider when
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connecting the hypothalamic control over food intake to the regulation of hedonic feeding
in midbrain areas.
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Materials and methods

Ethics statement

Experiments were approved by the Animal Ethics Committees of the universities of Utrecht or
Amsterdam and were conducted in agreement with Dutch laws (Wet op de Dierproeven, 1996) and
European regulations (Guideline 86/609/EEC).

Cell lines and plasmids

Human embryonic kidney (HEK) 293 T cells (ATCC, UK) were cultured at 37 ◦C and 5% CO2
in Dulbecco’s modified Eagles Medium (DMEM; Gibco, Scotland) supplemented with 10% (v/v)
fetal calf serum (FCS; Integro, the Netherlands), 100 units/ml penicillin, 2 mM glutamine, 100
units/ml streptomycin and non-essential amino acids. For the dual luciferase reporter assay, the
THp-pGL3 vector was used (kind gift of K. Chakrabarty), which is a pGl3-basic vector (Promega,
USA) containing the TH-promoter (NCBI accession number: AF 415235) fused to a firefly luciferase
reporter, as well as a renilla luciferase vector pRL-TK (Promega, USA). The pAAV vectors were
synthesized from the pAAV-CBA-AgRP-IRES-GFP that has been described previously [11]. Briefly,
Etv5 cDNA was amplified from rat cDNA using polymerase chain reaction (PCR). Primers were
designed using the published sequence for Etv5 mRNA (NM 001107082) and contained BamHI
recognition sites. With the use of BamHI restriction, AgRP cDNA was removed from pAAV-CBA-
AGRP-IRES-GFP and Etv5 cDNA were subsequently ligated into the linearized vector to obtain
pAAV-CBA-ETV5-IRES-GFP (pAAV-ETV5). This ligation was also performed in the absence of
Etv5 cDNA to obtain pAAV-CBA-IRES-GFP (pAAV-GFP).

Dual luciferase reporter assay

HEK293T cells were cultured in a 24-wells plate to 80% confluency and transfected using polyethyl-
enimine (PEI) with 200 ng of THp-pGl3, 20 ng of pRL-TK and increasing amounts (0-800 ng) of
pAAV-ETV5. To control for the amount of transfected DNA, pAAV-GFP was added to obtain
a total of 1020 ng transfected DNA for each well. Transfections were performed in quadruplo for
each concentration of pAAV-ETV5 (0, 50, 100, 200, 400 and 800 ng). Two days after transfection,
cells were lysed using passive lysis buffer and luciferase activity was analyzed with a dual luciferase
reporter assay according to the manufacturer’s protocol (Promega, USA) using a Wallac Victor2

1420 Multilabel Counter (Perkin-Elmer, USA). All values were normalized to renilla luciferase values
to account for differences in transfection efficiency and expressed as a percentage of baseline values.

Virus production and purification

Virus production and purification were performed as described previously [12]. Briefly, thirty 150
mm dishes of HEK293T cells were cultured to 80% confluency on the day of transfection. Cells
were transfected with the helper plasmid pDp1 (Plasmid factory, Germany) and pAAV-ETV5 or
pAAV-GFP and in a molar ratio of 1:1 using PEI. On the subsequent day, medium was refreshed
with 2% FCS DMEM. Sixty hours post-transfection, cells were harvested, pelleted, washed with
phosphate-buffered saline (PBS containing 5 mM ethylenediaminetetraacetic acid (EDTA), and re-
suspended in ice-cold lysis solution (150 mM NaCl, 50 mM Tris-HCl, pH 8.4). Cells were subjected
to three freeze-thaw cycles between dry ice – ethanol and a 37 ◦C water bath and were incubated
with Benzonase (Sigma, the Netherlands, 50 units/ml) for 30 m at 37 ◦C. Following centrifugation,
the supernatant was loaded onto a Quick-seal tube (Beckman Coulter, California, USA) contain-
ing an iodixanol gradient (60%, 40%, 25% and 15%, Optiprep, Lucron Bioproducts, Belgium).
The gradient was centrifuged at 70,000 rpm for 1 h at 20 ◦C in a Ti70 rotor (Beckman Coulter,
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USA), after which the 40% layer was extracted and subsequently subjected to ion-exchange chro-
matograpy with 5 ml HiTrapQ columns (GE Healthcare, UK). A gradient with buffer A (20 mM
Tris, 15 mM NaCl, pH 8.5) and B (20 mM Tris, 500 mM NaCl, pH 8.5) was used for eluation of
the column. Fractions of 2 ml were collected and screened by PCR using primers for GFP (FW:
CACATGAAGCAGCACGACTT, RV: GAAGTTCACCTTGATGCCGT) to determine which frac-
tions contained viral particles. AAV-positive fractions were pooled and transferred to a Centricon
Plus-20 Biomax-100 concentrator column (Millipore, USA) to concentrate the viral particles and
exchange the buffer for PBS. The purified virus was then aliquoted and stored at -80 ◦C. The titer
was determined by real-time quantitative PCR in a LightCycler (Roche, USA) using the primers
for GFP.

Animals and diet

For the central administration of leptin experiment, male Wistar rats (n=32) weighing 250-280 g
were obtained from Harlan (the Netherlands). For the viral experiments, male Wistar rats (n=32)
weighing 200-225 g were obtained from Charles-River (Germany). Rats were individually housed in
plexiglas cages (378x217x180 cm) in a controlled environment under a 12:12 light/dark cycle, with
lights on at 0700 h. Rats could be exposed to different diets. The CHOW and refeeding (REF)
diets consisted of ad-libitum access to standard chow (Special Diet Service, UK), while during the
restriction diet (RFS), rats had access to chow for a 2 h period each day, starting at 1500 h. The high
fat high sucrose diet (HFHS) consisted of ad libitum access to chow, saturated fat (Vandemoortele,
Belgium) and a 30% sucrose solution (Suiker Unie, the Netherlands). Food intake and body weight
were determined on a regular basis (at least three times a week).

Surgery and procedure for intracerebroventricular injections

One week after arrival, rats received a cannula aimed at the lateral ventricle. Rats were anaes-
thetized with an i.p. injection of 80 mg/kg Ketamin (Eurovet Animal Health, the Netherlands), 8
mg/kg Xylazin (Bayer Health Care, the Netherlands) and 0.1 mg/kg Atropin (Pharmachemie B.V.,
the Netherlands), and fixed in a stereotaxic frame. A permanent 22-gauge stainless steel guide
cannula (Plastics One, Bilaney Consultants GmbH, Germany) was implanted into the right lateral
ventricle (from bregma: an-terio-posterior: +0.8 mm, medio-lateral: +1.4 mm, dorso-ventral: -5.0
mm). The guide cannula was secured to the skull using three anchor screws and dental cement. A
28-gauge stainless steel dummy cannula, extending 0.5 mm beyond the guide, was used to occlude
the guide cannula. Immediately after surgery, rats received an analgesic (Carprofen, 5 mg/kg, s.c.,
Carporal, AST Farma BV, the Netherlands) and were housed individually. Rat leptin was obtained
from Dr. Parlow (NIDDK, http://www.humc. edu/hormones) and was dissolved in phosphate
buffered saline (PBS), which also served as the vehicle control solution. All intracerebroventricular
(ICV) injections were delivered in a volume of 3 μl. The day before each ICV injection, all rats
(irrespective of their diet) received 10 grams chow before the onset of the dark phase. The next
morning, in the beginning of the light phase (between 1000 h and 1100 h), rats received an ICV
injection of leptin or vehicle in randomized order.

Central leptin administration

After performing a dose response with 10 μg and 15 μg leptin one week after the stereotactic
operation to obtain an effective dose of leptin (as measured by a decrease in food intake in the 24 h
following ICV injection, data not shown), rats were randomly divided into two groups (CHOW or
HFHS) and were maintained on their respective diets throughout the remainder of the experiment.
After 12 days on either CHOW or HFHS diet, rats received ICV injections of 15 μg leptin or vehicle
in randomized order. 2 h later, rats were decapitated under CO2/O2 after which brains were
carefully dissected out, quickly frozen on dry ice and stored at -80 ◦C.
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Surgical procedures for viral infusion

16 rats were bilaterally injected with 1.5 μl of 8x109 genomic copies/μl of AAV-ETV5 and 16 rats
with 1.5 μl of 8x109 genomic copies/ μl of AAV-GFP in the VTA/SNpc (from bregma: anterio-
posterior: -5.4 mm, medio-lateral: ±2.2 mm, dorso-ventral: -8.9 mm, at an angle of 10◦). Infusions
were performed under fentanyl/fluani-sone (0.315 mg/kg fentanyl, 10 mg/kg fluanisone, i.m., Hyp-
norm, Jans-sen Pharmaceutica, Belgium) and midazolam (2.5 mg/kg, i.p., Actavis, the Netherlands)
anesthesia. Xylocaine was sprayed on the skull to provide local anesthesia (Lidocaine 100 mg/ml,
AstraZeneca BV, the Netherlands). 16 rats received a transmitter for the recording of locomotor
activity and body temperature (TA10TA-F40, Data Science International, USA) in the abdominal
cavity. All rats received three daily peri-surgical injections of carprofen (5 mg/kg, s.c.) starting at
the day of surgery.

Determination of energy balance

Baseline measurements of body weight and food intake were taken in the week before surgery to
divide animals into two experimental groups (AAV-ETV5 and AAV-GFP) that were equal in body
weight and food intake. During the first five weeks after surgery, were exposed to the CHOW
diet. Subsequently, rats were exposed to the RFS diet for one week. Following the period of food
restriction, rats were allowed to regain their body weight on the REF diet for one week, after which
rats were exposed to the HFHS diet for three weeks. Locomotor activity and body temperature
were determined in week 5 after surgery by placing the home cage on a receiver plate (DSI, USA)
that received radiofrequency signals from the abdominal transmitter. The plate was connected to
software (DSI, USA) that recorded the locomotor activity within 10 m bins. Body temperature was
determined at the end of each 10 m bin. Locomotor activity and body temperature were determined
during seven days and averaged over light and dark phases. After completion of the experiments,
rats were decapitated. Their brains were carefully dissected out, quickly frozen on dry ice and
stored at -80 ◦C.

Progressive ratio schedule

Before surgery, rats were subjected to the progressive ratio paradigm to obtain baseline performance
rates. Training and subsequent experiments were conducted in twelve rat operant conditioning
chambers (30.5x24.2x21.0 cm; Med Associates, USA) placed within sound attenuated and ventilated
boxes. The operant boxes were equipped with two cue-lights, a pellet-dispenser, a receptacle for 45
mg sucrose pellets (5TUL, TestDiet, USA) and two retractable levers. The cue lights were located
above the retractable levers and the sucrose pellet receptacle was placed in the middle. Training
of the rats was performed between 1100 h and 1600 h in a fixed ratio 1 paradigm (FR1) with a
total duration of 0.5 h and a maximum of 60 trials. During each trial both levers were present,
but only presses on the active lever (ALP) led to deliverance of sucrose pellets. During the 20 s
inter trial interval that followed sucrose pellet delivery, the levers were retracted and the cue-light
above the active lever was activated, after which a new trial started and levers were presented to
the animal again. Pressing the inactive lever (ILP) did not lead to deliverance of sucrose pellets,
activation of the cue-lights or retraction of the levers. FR1 sessions took place twice a day (at least
2 h apart) for a period of five days, after which all rats achieved training criterion were considered
trained (i.e. three consecutive days >30 obtained sucrose pellets). Subsequently, the progressive
ratio (PR) paradigm was implemented. PR sessions started before 1000 h and were completed by
1500 h. The PR sessions were not restricted in the maximum of number of trials or in time per se.
However, if sucrose pellets were not obtained within a 1 h period, the PR session ended. In the PR
paradigm, the number of ALP required to obtain sucrose pellets is increased with each completed
trial (ALP =5xe(0.2xsucrose pellet)). Successive sucrose pellets required more ALP, so the amount of
ALP and sucrose pellets reflected the effort that was invested in the task. After five consecutive
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days of PR sessions, all rats achieved the training criterion (i.e. three consecutive days >9 obtained
sucrose pellets). After completion of training, rats were tested on their willingness to obtain sucrose
pellets in 9 consecutive PR sessions, to determine the baseline numbers of ALP and obtained sucrose
pellets for each rat. Together with baseline measurements of body weight and food intake, these
values were used to divide the rats into two experimental groups (AAV-ETV5 and AAV-GFP) for
surgery. Two weeks after surgery, the effort of the rats to obtain sucrose pellets was determined in
12 consecutive PR-sessions. In this period rats had ad libitum access to chow. To determine any
difference in the effect of a negative energy balance on the effort to obtain sucrose pellets between
the two experimental groups, rats were subsequently food restricted by limiting their access to chow
for a period of two hours, starting at 1500 h (after the PR-sessions were finished). The period of
food restriction lasted for 9 days, in which 9 PR-sessions were conducted. After completion of the
experiments, rats were decapitated. Their brains were carefully dissected out, quickly frozen on dry
ice and stored at -80 ◦C.

Digoxigenin in situ hybridization

To verify the injection sites, coronal sections (18 μm) were cut on a cryostat (Leica, Germany).
Synthesis of riboprobes and in situ hybridization (ISH) was performed as described previously [13].
Briefly, sections were fixed in 4% paraformaldehyde (10 m) and acetylated in 0.25% acetic anhydride
in 0.1 M triethanolamine (10 m). After prehybridization (2 h) in hybridization solution (containing
50% deionized formamide, 5xSSC, Denhardt’s solution, 250 μg/ml tRNA Baker’s yeast and 500
μg/ml sonificated salmon sperm DNA), 150 μl hybridization mixture with 400 ng/ml digoxigenin
labeled riboprobe against full length eGFP mRNA (DQ768212) was applied to each slide and slides
were incubated overnight at 68 ◦C. Subsequently, slides were quickly washed in 2XSSC, followed by
a 2 h wash in 0.2xSSC, both at 68 ◦C, followed by a 1 h incubation in 10% fetal calf serum in 0.1 M
Tris pH 7.5/0.15 M NaCl. Digoxigenin was detected by an alkaline phosphatase labeled antibody
(1:5000; Roche, Germany) using nitroblue tetrazolium and bromochloroindolylphosphate as a sub-
strate. Finally, sections were dehydrated in ethanol, cleared in xylene and mounted with Entallan
(Merck, Germany). Pictures of the injection sites were digitalized using a MCID microscope (Zeiss,
Germany).

33P in situ hybridization

To quantify the expression levels of Etv5 and Th in the VTA and the SNpc, 33P in situ hybridiza-
tion was performed on coronal sections (18 μm) that were cut on a cryostat (Leica, Germany).
The synthesis of the RNA-probes for Etv5 or Th (Etv5, NM 001107082.1, position 532-1248; Th,
NM 012740.3, position 14-1165) and procedures to achieve probe hybridizations were performed as
described in Chapter 2.

Statistical analyses

All statistical analyses were performed using SPSS 20 for Windows (IBM, USA). Thresholds of
significance were set at α=0.05.
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Abstract

Common variants in the neural growth regulator 1 (Negr1 ) are among the first common
variants that have been associated with the regulation of body mass index. Using AAV-
technology directed to manipulate Negr1 expression in vivo, we find that decreased ex-
pression of Negr1 in periventricular hypothalamic areas leads to increases in body weight,
presumably via increased food intake. Moreover, we observed that both increased and de-
creased levels of Negr1 lead to reduced locomotor activity and body temperature. In sum,
our results provide further support for a role of hypothalamic expressed Negr1 in the regu-
lation of energy balance.
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Introduction

Variants of the neural growth regulator 1 (Negr1 ) - also known as kilon or neurotractin - are
among the first common variants that have been associated with body mass index (BMI)
[1, 2, 3], implicating Negr1 in the etiology of obesity. Genome-wide association studies
(GWAS) in adults have shown that Negr1 is associated with the regulation of BMI due to the
existence of two distinct deletion alleles of 43-kb and 8-kb. Both deletions remove conserved,
non-coding elements upstream of Negr1, but the 8-kb deletion removes the binding site for
NKX6.1 [2, 4]. As NKX6.1 is a strong transcriptional repressor, this suggests that altered
expression of Negr1 contributes to the regulation of BMI [5].

As with most of the obesity-associated genes, the function of Negr1 in the etiology of
obesity is yet to be determined. Negr1 belongs to the IgLON group of proteins that serve
as cell-adhesion molecules and regulate cellular processes as neurite outgrowth and synapse
formation [6, 7]. IgLON members are expressed in different, but overlapping populations of
neurons and can hetero- and homodimerize depending on cellular context [8, 9]. Changes
in energy balance have been shown to influence synaptic organization and Negr1 is a good
candidate to be involved in this process [10, 11]. However, Negr1 is also expressed on reactive
astrocytes after experimental brain lesions, expanding its function to non-neuronal cells as
well [12].

Previously, it was shown that Negr1 is strongly expressed in the arcuate nucleus (ARC)
and ventro-medial hypothalamus (VMH) and is upregulated in these areas after food restric-
tion [13]. Moreover, mice that lack Negr1 show decreased body weight and altered regulation
of energy balance, suggesting that expression of Negr1 indeed functions to regulate energy
balance [14]. As systemic knockout of Negr1 does not discriminate between developmental
and direct effects on energy balance, we decided to use adeno-associated viruses (AAV) to
overexpress Negr1 or to downregulate Negr1 expression in the ARC/VMH of of juvenile
rats to dissect the direct affects of altered hypothalamic Negr1 expression. In two separate
experiments, we exposed AAV-infected animals to a variety of diets to impose alterations in
nutritional state. This allowed us to investigate the effects of altered hypothalamic Negr1
expression on the regulation of energy balance in starved, satieted and starved rats, thereby
providing insight in the role of Negr1 in the etiology of obesity.
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Results

Knockdown efficiency of pAAV-miR1 and pAAV-miR2

To determine the in vitro knockdown efficiency of both pAAV-miRs, a dual-luciferase assay
was employed. Both cotransfection of pAAV-miR1 or pAAV-miR2 with the NEGR-renilla
fusion plasmid led to significant knockdown, when compared to cotransfection with pAAV-
miRLuc. Both pAAV-miR1 (one sample t-test, t=-151.062, p<0.000) and pAAV-miR2 (one
sample t-test, t=-21.578, p<0.000) successfully decreased Negr1 expression in vitro (figure
1A, page 56). To examine in vivo knockdown efficiency, rats were bilaterally injected in the
ARC/VMH with AAV-miR1 or AAV-miR2 on one side and AAV-CTRL on the other side.
Infusion of AAV-miR1 (one sample t-test, t<3.289, p<0.031), but not AAV-miR2 (t>2.520,
p>0.085) led to a significant decrease in ARC/VMH expression (figure 1B, page 56).

Validation of the infusion sites and miR-124 expression

Infusion of all AAVs led to expression of GFP mRNA in the ARC/VMH (figure 2A-C,
page 57), indicating that infusions were placed in the right area. In addition, infusion of
AAV-NEGR1 led to increased expression of Negr1 (figure 2D, page 57). Moreover, miR-
124 expression was not altered between AAV-CTRL and AAV-miR animals (figure 2E-G,
page 57), indicating that AAV-miRs did not disturb processing of endogenous miRNA in
the ARC/VMH, as miR-124 expression serves as a proxy for neuronal cell viability due to
oversaturation of the endogenous miRNA processing machinery [15].

Effect of AAV-miR1 and AAV-NEGR1 infusion in the ARC/VMH
on body weight, food intake, locomotor activity and body tempera-
ture under CHOW exposure

To determine whether altered expression of Negr1 affects energy balance, AAV-NEGR1
and AAV-miR1 were infused into the ARC/VMH of rats to increase or decrease Negr1
expression respectively. To ensure effectiveness of AAV-vectors, measurements started two
weeks after surgery. Under CHOW exposure, there was an effect of AAV-treatment on
body weight (repeated measures ANOVA, f=5.387, p=0.015) and food intake (repeated
measures ANOVA, f=11.272, p=0.001). AAV-miR1 animals showed increased body weight
(LSD post-hoc, p=0.043) and increased food intake (LSD post-hoc, p=0.001), while AAV-
NEGR1 animals did not significantly differ from AAV-CTRL in body weight (LSD post
hoc, p=0.311) or food intake (LSD post-hoc, p=0.698) (figure 3A and B, page 58). AAV-
treatment did also affect locomotor activity (univariate ANOVA, f=76.821, p=0.000). AAV-
treatment showed an interaction with night/dark phase (f=32.583, p=0.000) and subsequent
analyses showed that both AAV-miR1 and AAV-NEGR1 animals were less active than AAV-
CTRL animals during the dark phase (one way ANOVA, f=103.416, p=0.000, LSD post-
hoc, p<0.001), but that only AAV-NEGR1 animals showed decreased activity during the
light phase (LSD post-hoc, p<0.001) (figure 3C, page 58). In addition, AAV-treatment
did affect body temperature (univariate ANOVA, f=78.567, p<0.001). As with locomotor
activity, AAV-treatment showed an interaction with night/dark phase (f=46.504, p<0.0001
and subsequent analyses indicated that both AAV-miR1 and AAV-NEGR1 animals showed
decreased body temperature during the dark phase (ANOVA, f=231.000, p<0.001, LSD
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post-hoc, p<0.001), but that AAV-miR1, AAV-NEGR1 and AAV-CTRL animals showed
comparable body temperatures during the light phase (figure 3D, page 58).

Effect of AAV-NEGR1 on body weight and food intake under RFS
and REF exposure

Since AAV-NEGR1 animals did not differ in body weight or food intake from AAV-CTRL
animals, we continued experiments with AAV-CTRL and AAV-NEGR1 animals. After
chow exposure, AAV-CTRL and AAV-NEGR1 animals were subjected to food restriction
(RFS) for one week. Under RFS exposure, there was no main effect of AAV-type on body
weight (repeated measures ANOVA, f=0.246, p=0.629) or food intake (repeated measures
ANOVA, f=0.878, p=0.367) (figure 4A and B, page 59). Then, AAV-NEGR1 and AAV-
CTRL animals were allowed to refeed on ad libitum chow for two weeks (REF). Under REF
exposure, there was no effect of AAV-NEGR1 on body weight (repeated measures ANOVA,
f=0.217, p=0.650) or food intake (repeated measures ANOVA, f=0.117, p=0.738) (figure
4C and D, page 59).

Effect of AAV-miR1 and AAV-miR2 infusions in the ARC/VMH on
body weight and food intake.

In a second experiment, we investigated the effect of AAV-miR1 and miR2 infusions in the
ARC/VMH to replicate and extend on the previous findings that AAV-miR1 infusion in
the ARC/VMH affects energy balance. As before, there was a significant effect of AAV-
treatment on food intake (repeated measures ANOVA, f=4.282, p=0.028), as AAV-miR1
did show significantly increased food intake (LSD post-hoc, p=0.021), while AAV-miR2
animals did not show differences in food intake when compared to AAV-CTRL animals (LSD
post-hoc, p=0.899) (figure 5B, page 60). No differences in body weight between AAV-miR
animals and AAV-CTRL animals could be observed (repeated measures ANOVA, f=0.001,
p=0.999) (figure 5A, page 60), which allowed for unbiased investigation of the effect of the
AAV-miRs on energy balance under RFS exposure. However, no differences in body weight
(repeated measures ANOVA, f=0.029, p=0.971) or food intake could be observed under
RFS exposure (repeated measures ANOVA, f=0.721, p=0.498) (figure 5C and D, page 60).
Next, the animals were exposed to the REF diet. Again, no differences could be observed
in body weight during the two weeks of REF exposure between AAV-miR and AAV-Negr1
animals (repeated measures ANOVA, f=0.158, p=0.855), although there was an effect of
AAV-treatment on food intake (repeated measures ANOVA, f=4.362, p=0.027) (figure 5E
and F, page 60), as AAV-miR1 animals did show significantly increased chow intake (LSD
post-hoc, p=0.026). Finally, all animals were subjected to HFHS exposure for one week.
HFHS exposure did not lead to significant differences in body weight (one way ANOVA,
f=3.205, p=0.062), chow intake (one way ANOVA, f=0.853, p=0.441), sucrose intake (one
way ANOVA, f=0.206, p=0.815) or lard intake (one way ANOVA, f=0.829, p=0.451) (figure
5G and H).
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Figure 1

Knockdown efficiency of pAAV-miRs. (A) Bars depict the mean normalized percent-
ages (+SEM) of the renilla luciferase activity of the NEGR1-renilla fusion plasmid after
transfection of pAAV-miR1 and pAAV-miR2. * represent a significant difference between
pAAV-CTRL and pAAV-miR1 or pAAV-miR2 (p<0.05). (B) Bars depict the mean normalized
percentages to either CycA or Actb expression (+SEM) of Negr1 expression after infusion
of pAAV-miR1 and pAAV-miR2. * represent a significant difference between AAV-CTRL and
AAV-miR1 or AAV-miR2 (p<0.05)
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Figure 2

Validation of the infusion sites and miR-124 expression. (A-C) Infusion of all AAVs led
to GFP expression in the ARC/VMH, indicating that infusions were placed in the right areas
(A) Example of GFP expression after AAV-CTRL infusion. (B) Example of GFP expression
after AAV-miR1 infusion. (C) Example of GFP expression after AAV-miR2 infusion. (D) Infu-
sion of AAV-NEGR1 led to increased expression of Negr1 in the ARC/VMH. (E-G) Infusion
of AAV-miRs did not lead to significant cell death, as evidenced by miR-124 expression,
which was equal after infusion of AAV-CTRL (E), AAV-miR1 (F) and AAV-miR2 (G).
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Figure 3

Effect of AAV-miR1 and AAV-NEGR1 infusion in the ARC/VMH on body weight, food
intake, locomotor activity and body temperature during CHOW exposure. (A,B) De-
picted are the mean (±SEM) body weight (A) and weekly chow intake (B) in the weeks after
surgery of AAV-miR1, AAV-NEGR1 and AAV-CTRL animals. * represent a significant dif-
ference between AAV-miR1 and AAV-CTRL (p<0.05) (C,D) Bars depict the mean (+SEM)
daily locomotor activity (C) and body temperature (D) during the light or dark phase. * rep-
resent a significant difference between AAV-CTRL and AAV-miR1 or AAV-NEGR1 animals
(p<0.05).
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Figure 4

Effect of AAV-NEGR1 infusion in the ARC/VMH on body weight and food during RFS
and REF exposure. (A,B) Depicted are the mean (±SEM) body weight (A) and daily
chow intake (B) of AAV-NEGR1 and AAV-CTRL animals under exposure to food restriction
(RFS). (C,D) Depicted are the mean (±SEM) body weight (C) and weekly chow intake (D)
of AAV-NEGR1 and AAV-CTRL animals under exposure of the refeeding diet (REF).
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Figure 5

Effect of AAV-miR in-
fusion in the ARC/VMH
on body weight and
food during CHOW, RFS,
REF and HFHS expo-
sure. (A,B) Depicted are
the mean (±SEM) body
weight (A) and daily chow
intake (B) of AAV-miR1,
AAV-miR2 and AAV-CTRL
animals under chow ex-
posure (CHOW). (C,D)
Depicted are the mean
(±SEM) body weight (C)
and weekly chow intake (D)
of AAV-miR1, AAV-miR2
and AAV-CTRL animals
under exposure to food
restriction (RFS). (E-F)
Depicted are the mean
(±SEM) body weight (E)
and weekly chow intake (F)
of AAV-miR1, AAV-miR2
and AAV-CTRL animals
under exposure to the
refeeding diet (REF). (G)
Depicted are the mean
(±SEM) body weight (G) of
AAV-miR1, AAV-miR2 and
AAV-CTRL animals under
exposure to the high-fat
high sucrose diet (HFHS).
(H) Bars represent the
mean weekly intake of
chow, lard and sucrose
in calories (±SEM) of
AAV-miR1, AAV-miR2 and
AAV-CTRL animals. *
represent a significant
difference between AAV-
CTRL and AAV-miR1
animals (p<0.05).
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Discussion

In this study, we used AAV-technology to increase and knockdown expression of the obesity-
associated gene Negr1 in the ARC/VMH and determine subsequent effects on the regulation
of energy balance. Before discussion of the results, it must be noted that the AAVs did not
only target the ARC/VMH, but in some rats spread to part of the dorso-medial hypotha-
lamus (DMH) as well. Therefore, it cannot be concluded that the observed effects were
mediated by the ARC/VMH only, especially because both areas regulate energy balance.
Moreover, we used two AAV-miRs to knockdown Negr1 expression, each targeting different
exons within the Negr1 sequence. Both AAV-miRs did show effective knockdown in vitro,
but only AAV-miR1 achieved significant knockdown in vivo. Since not all Negr1 express-
ing cells may have been transduced, demonstration of effective knockdown in vivo is not a
measure of average knockdown in Negr1 expressing cells, but reflecting knockdown in trans-
duced cells amongst all Negr1 expressing cells in the dissected brain area. AAV-miR2 did
reach borderline significance for knockdown in vivo and showed comparable percentages of
knockdown when compared to AAV-miR1. This complicates interpretation of the results, in
particular because AAV-miR2 did not have any effect on the regulation of energy balance.
As AAV-miR2 did not induce sufficient knockdown of Negr1 to influence the regulation of
energy balance further discussion will be limited to the results of AAV-miR1.

Decreased expression of Negr1 led to increases in chow intake under ad libitum chow
exposure (CHOW and REF), resulting in increased body weight in case of prolonged expo-
sure, while increased expression of Negr1 did not affect any of these parameters. During
exposure to food restriction or to the high-fat high-sucrose diet, no effect of altered Negr1
expression could be observed on body weight or energy intake. Two independent studies
have found an association of Negr1 with increases in carbohydrate and fiber intake in the
human population [16, 17]. One interpretation for our results therefore is that decreased
Negr1 expression selectively increases the intake of carbohydrates, the main macronutrient
in standard lab chow. However, AAV-miR animals did not consume more sucrose upon
exposure to the HFHS diet. In addition, Negr1 has been associated with decreases in fat
intake [16]. Although the effect of decreased Negr1 expression on fat intake was not sig-
nificant, AAV-miR animals did eat less fat than AAV-CTRL animals. Prolonged exposure
to the high-fat high-sucrose diet and other experiments directed to investigate the effect of
Negr1 on food choice could clarify if decreased expression of Negr1 indeed selectively alters
the intake of different macronutrients.

Both increases in and knockdown of Negr1 expression did lead to decreases in energy
expenditure. Although this effect might be counterintuitive, an explanation can be found
in earlier results from our lab [13]. We showed that Negr1 expression in the ARC/VMH
is increased after periods of food restriction, which could represent an adaptive response
directed to preserve energy. Although decreased Negr1 expression also decreased energy
expenditure, this effect might have been secondary to the effect of increased energy intake,
in an attempt to compensate for a positive energy balance.

Finally, our results are not congruent with a recent study that reported the effects of a
systemic Negr1 knockout in mice [14]. These mice showed decreases in body weight, food
intake and locomotor activity. Species differences and developmental effects could account
for these phenotypical differences. Moreover, it should be noted here that the deletion alleles
near Negr1 associate with an increased BMI [2, 4], suggesting that decreased expression of
Negr1 leads to increased body weight, which is consistent with our observations. At any
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rate, the combined results of these studies point towards a significant role for Negr1 in the
regulation of energy balance, possibly by controlling the intake of specific macronutrients
and the regulation of energy expenditure.
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Materials and methods

Animals and diet

Male wistar rats (n=54) weighing 200-225 g on arrival were obtained from Charles-River (Germany).
All rats were individually housed in a controlled environment under a 12:12 light/dark cycle, with
lights on at 0700. During experiments 1 and 2, rats (n=48) were exposed to different diets. The
CHOW and refeeding (REF) diets consisted of ad-libitum access to standard chow (Special Diet
Service, UK), the high fat high sucrose diet (HFHS) consisted of ad libitum access to chow, saturated
fat (Vandemoortele, Belgium) and a 30% sucrose solution (Suiker Unie, the Netherlands), while
during the restriction diet (RFS), rats had access to chow for a 2-H period each day starting at 1300
h. Food intake and body weight were determined on a regular basis. Experiments were approved
by the Animal Ethics Committees of the University of Utrecht, according to Dutch legislation.

Construction of plasmids

To obtain a NEGR1-Renilla fusion plasmid, rat Negr1 cDNA was amplified from hypothalamic
rat cDNA. Primers were designed based on the published sequence (NM 021682.1) and contained
attB-sites to allow usage of the Gateway system (Invitrogen, Carslbad, USA) for recombination
cloning. Negr1 cDNA was cloned into the Gateway entry vector pDONR201 (Invitrogen) and
subsequently into a pBabe-puro vector (Invitrogen) containing Renilla cDNA in order to get the
NEGR1-Renilla fusion plasmid. The pAAV vector for inducing Negr1 expression was synthesized
from the pAAV-CBA-AgRP-IRES-GFP that has been described previously [18]. Briefly, Negr1
cDNA was amplified from rat cDNA using polymerase chain reaction (PCR). Primers were designed
using the published sequence of Negr1 cDNA and contained BamHI recognition sites. With the use
of BamHI restriction, AgRP cDNA was removed from pAAV-CBA-AGRP-IRES-GFP and Negr1
cDNA was subsequently ligated into the linearized vector to obtain pAAV-CBA-NEGR1-IRES-GFP
(pAAV-NEGR1). Sequence analysis confirmed insertion of Negr1 cDNA into the pAAV vector.
This ligation was also performed in the absence of Negr1 cDNA to obtain pAAV-CBA-IRES-GFP
(pAAV-GFP).

For the generation of pAAVs expressing miRNAs, the Gateway system (Invitrogen) was used, as
described in detail elsewhere [19]. Briefly, the miRNA sequences for targeting Negr1 were selected
with ’BLOCK-iTtm RNAi Designer’ (http://rnaidesigner.lifetechnologies.com/rnaiexpress/) from
Invitrogen, USA (miR1: GTGCAGAGAACGATGTATCAT, miR2: GAGCACTTCGGCAACTAT-
ACT, miR-luc: AAAGCAATTGTTCAGGAACC). The oligos covering these sequences were an-
nealed and ligated into the synthetic intron region of PSM155 [20]. The cassette containing the
intronic miRNA upstream of EGFP was then amplified with B3 and B4 primers and recombined to
generate the entry vectors pENTR-R4-miR1-EGFP-R3, pENTR-R4-miR2-EGFP-R3 and pENTR-
R4-miRluc-EGFP-R3. To generate the pAAV-ESYN-miR1-EGFP (pAAV-miR1), pAAV-ESYN-
miR2-EGFP (pAAV-miR2) and pAAV-ESYN-miRLuc-EGFP (pAAV-miRLuc), pENTR-L1-ESYN-
L4 and pENTR-L3-oPRE-L2 were recombined with pAAV-R1-R2 and either pENTR-R4-miR1-
EGFP-R3, pENTR-R4-miR2-EGFP-R3 or pENTR-R4-miRluc-EGFP-R3.

Luciferase assay

Human embryonic kidney (HEK) 293T cells were cultured in a 24-well plate and were transfected
using polyethylenimine (PEI) with 5 ng pcDNA4/TO-luc, 500 ng pBabe-NEGR1-Renilla plasmid
and 500 ng pAAV-miRs per well. Transfections were performed in quadruplo for each of the pAAV-
miRs. Two days after transfection, cells were lysed in passive lysis buffer and analyzed with a
dual luciferase reporter assay according to the manufacturer’s protocol (Promega, Madison, WI,
USA). Firefly and renilla luciferase activities were measured using a Viktor 96-well plate reader
(Perkin Elmer, Waltham, MA, USA). Renilla luciferase activities were normalized to firefly luciferase
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activities and expressed as a percentage of the renilla luciferase activity after cotransfection of
pAAV-miRLuc.

Procedures for viral infusion

Virus production was performed as described earlier 4deBacker2010. All rats (n=56) were bilat-
erally injected with 1.0 μl of 1.0x109 genomic copies/μl of AAV in the ARC/VMH (from bregma:
anterio-posterior: -2.6 mm, medio-lateral: ±1.2 mm, dorso-ventral: -9.7 mm, at an angle of 5◦).
In experiment 1, rats (n=24) were injected with AAV-miR1, AAV-NEGR1, AAV-GFP or AAV-
miRLuc, in experiment 2, rats (n=24) were bilaterally injected with 1.0 μl of 1.0x109 genomic
copies/μl of either AAV-miR1, AAV-miR2 or AAV-miRLuc and in experiment 3, rats (n=8) were
unilaterally injected with AAV-miRLuc and received contralateral infusions of either AAV-miR1 or
AAV-miR2 in the ARC/VMH. Infusions were performed under fentanyl/fluanisone (0.315 mg/kg
fentanyl, 10 mg/kg fluanisone, i.m., Hypnorm, Janssen Pharmaceutica, Belgium) and midazolam
(2.5 mg/kg, i.p., Actavis, the Netherlands) anesthesia. Xylocaine was sprayed on the skull to pro-
vide local anesthesia (Lidocaine 100 mg/ml, AstraZeneca BV, the Netherlands). To reduce pain
symptoms, all rats received three daily injections of carprofen (5 mg/kg, s.c.) starting at the day
of surgery. In addition, rats in experiment 1 received a transmitter for the recording of locomotor
activity and body temperature (TA10TA-F40, Data Science International, USA) in the abdominal
cavity.

Experiment 1

Baseline measurements of body weight and food intake were taken in the week before surgery to
divide animals into four experimental groups (AAV-NEGR1 (n=7), AAV-miR1 (n=7), AAV-GFP
(n=4) and AAV-miRLuc (n=3) that were equal in body weight and food intake. As AAV-GFP and
AAV-miRLuc animals did not differ in body weight or food intake throughout the experiment (data
not shown), the groups were combined to AAV-CTRL. During the first ten weeks after surgery,
rats were exposed to the CHOW diet. Subsequently, rats were exposed to the RFS diet for 8 days.
Following 8 days of food restriction, rats were allowed to regain their body weight on the REF diet
for a period of two weeks. Locomotor activity and body temperature were determined in week 5
after surgery by placing the home cage on a receiver plate (DSI, USA) that received radiofrequency
signals from the abdominal transmitter. The plate was connected to software (DSI, USA) that
recorded the locomotor activity within 600 s bins. Body temperature was determined at the end of
each 600 s bin. Locomotor activity and body temperature were determined during seven days and
averaged over light and dark phases. After completion of the experiments, rats were decapitated.
Their brains were carefully dissected out, quickly frozen on dry ice and stored at -80 ◦C.

Experiment 2

Baseline measurements of body weight and food intake were taken in the week before surgery to
divide animals into three experimental groups (AAV-miR1 (n=7), AAV-miR2 (n=8) and AAV-
miRLuc (n=8) that were equal in body weight and food intake. During the first three weeks after
surgery, rats were exposed to the CHOW diet. Subsequently, rats were food restricted for 6 days
(RFS), after which rats were allowed to regain their body weight for a period of two weeks under
exposure to the refeeding diet (REF). Finally, rats were exposed to the HFHS diet for one week.
After completion of the experiments, rats were decapitated. Their brains were carefully dissected
out, quickly frozen on dry ice and stored at -80 ◦C.
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Experiment 3

Baseline measurements of body weight and food intake were taken in the week before surgery to
divide animals into two experimental groups: AAV-miR1 (n=4) and AAV-miR2 (n=4), which were
equal in body weight and food intake. Six weeks after surgery animals were decapitated, brain were
carefully dissected out, quickly frozen on dry ice and stored at -80 ◦C. These animals were used to
determine the in vivo knockdown efficiency of AAV-miR1 and AAV-miR2 (as described below).

Digoxigenin, LNA and 33P in situ hybridization procedures

Digoxigenin, LNA and 33P in sity hybridization procedures were performed as previously described
[21, 22, 23]. Riboprobes used: DIG-labeled riboprobe against GFP mRNA (DQ768212), LNA
probes againts miR-124 were purchased from Exiqon (Denmark) and 33P-labeled riboprobe against
Negr1 (NM 021682.1, pos: 144-699). Correct targeting of AAVs in the hypothalamus was done in
all animals used in experiment 1 and 2 by means of DIG-ISH against GFP mRNA. Validation of
AAV-NEGR1 was done in four animals used in experiment 2 by means of a 33P-ISH against Negr1
mRNA.

In vivo knockdown efficiency

To check if AAV-miRs did knockdown expression of Negr1 in the ARC/VMH, these areas were
microdissected from five 300 μm coronal sections that were cut on a cryostat (Leica, Germany) and
combined samples from each hemisphere were collected in TRIzol Reagent. RNA was isolated fol-
lowing manufacturer’s instructions (Invitrogen) and the concentration and quality was determined
using a spectrophotometer (Qiagen, Valencia, USA) and 1% agarose gel electrophoresis. To de-
termine levels of ARC/VMH Negr1 expression, one-step qPCR was performed using a Quantifast
SYBR Green RT-PCR kit (Qiagen, USA) and a LightCycler (Roche, Mannheim, Germany), accord-
ing to manufacturer’s instruction. To determine knockdown efficiency of AAV-miR1 and AAV-miR2
different primer sets were used, because care was take to span the target sites of the different miRs
(for AAV-miR1: FW: TCTCCCCATCAGCAAAACCA, RV: CGCAAAGTTCACGACCACTC, for
AAV-miR2: FW: GTGACACAGGAGCACTTCGG, RV: GTGCTTGGAGGGTTGAGGGG). Cy-
cling conditions were 15 min 50 ◦C, 10 minutes 95 ◦C, followed by 35 cycles of 15 s at 95 ◦C, 30
s at 60 ◦C, and 30 s at 72 ◦C. After cycling, a melting protocol was performed, from 60 ◦C to
95 ◦C, measuring fluorescence every 1 ◦C, to control for product specificity. Negr1 expression was
first normalized to the expression of the household genes (Actb: FW: CGTGAAAAGATGACCCA-
GATCA, RV: AGAGGCATACAGGGACAACACA and CycA: FW: AGCACTGGGGAGAAAG-
GATT, RV: AGCCACTCAGTCTTGGCAGT). Next, the normalized Negr1 expression on the side
with AAV-miR1 or AAV-mir2 was expressed as percentage of expression of Negr1 on the side with
AAV-miRLuc.

Statistical analyses

All statistical analyses were performed using SPSS 20 for Windows (IBM, Armonk, NY, USA).
Thresholds of significance were set at α<0.05.
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Chapter 5

Abstract

The striatum harbors two neuronal populations that enable action selection. One popula-
tion represents the striatonigral pathway, expresses the dopamine receptor D1 (Drd1 ) and
promotes the execution of motor programs, while the other population represents the stri-
atopallidal pathway, expresses the dopamine receptor D2 (Drd2 ) and suppresses voluntary
activity. The two populations integrate distinct sensorimotor, cognitive and emotional in-
formation streams and their combined activity enables the selection of adaptive behaviors.
Characterization of these populations is critical to the understanding of their role in action
selection, because it aids the identification of the molecular mechanisms that separate them.
To that end, we used fluorescent in situ hybridization to quantify the percentage of striatal
cells that (co)express dopaminergic receptors and receptors of the cannabinoid, melanocortin
or opioid neurotransmitters systems. Our main findings are that the cannabinoid 1 receptor
are equally expressed on both populations with a gradient from dorsal to ventral striatum,
that the opioid receptors have a preference for expression with either the Drd1 or Drd2 and
that the melanocortin 4 receptor (Mc4r) is predominantly expressed in ventral parts of the
striatum. In addition, we find that the level of Mc4r expression determines its localization
to either the Drd1 or the Drd2 population. Thereby, we provide insight into the sensi-
tivity of the two dopaminoceptive populations to these neurotransmitters and progress the
understanding of the mechanisms that enable action selection.
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Introduction

To ensure survival, an organism needs to select adaptive behaviors from its behavioral reper-
toire. One neural network that is involved in action selection is the basal ganglia, which
consists of several subcortical structures [1]. The input nucleus of the basal ganglia is the
striatum [2, 3, 4], a brain area in which GABAergic projection neurons make up for more
than 95% of the cellular identity [5]. These medium spiny neurons (MSNs) can be divided
into two classes, based on the expression of either the dopamine receptor D1 (D1R) or the
dopamine receptor D2 (D2R) [6, 7].

Both cellular populations influence the activity of the output nucleus of the basal ganglia;
the internal globus pallidus/substantia nigra reticular part (GPi/SNpr) complex. The D1R
population sends inhibitory projections to the Gpi/SNpr complex directly, while the D2R
population activates the GPi/SNpr complex indirectly, via the external globus pallidus and
the subthalamic nucleus (STN) [8, 9, 10]. Activity of the GPi/SNpr is thought to exert
control over voluntary movement by sending inhibitory signals to thalamic and brain stem
nuclei. Much attention has been directed towards the existence of the antagonistic D1R
and D2R populations that drive GPi/SNpr activity [11, 12], because they are the physical
representation of an important concept in the neurosciences: the ‘go-no go’ pathway. In
this model, the D1R population represents ‘go’ as it inhibits the GPi/SNpr, while the D2R
represents ‘no go’ as it activates the GPi/SNpr. Activity of the D1R population is thought to
promote the execution of motor programs, while activation of the D2R population suppresses
voluntary movement [10]. While it is far from clear how these two populations work together
to select adaptive behaviors, combined activity of these populations has been suggested
to enable the execution of one particular motor program, by simultaneous suppression of
competing motor programs [13, 14].

In search of the molecular mechanisms that separate the two MSN populations and en-
able the selection of adaptive behaviors, the focus should not be limited to the dopaminergic
system only, as dopaminergic receptors are not the only G-protein coupled receptors (GPCR)
whose expression is limited to either of the two MSN populations. In addition, some neu-
ropeptides are differentially expressed in the two MSN populations as well: D1R neurons
exclusively express the acetylcholine muscarinic receptor 4 and substance P [15, 16, 17],
while expression of the adenosine receptor 2a (A2AR) and enkephalin is limited to the D2R
population [15, 18]. Moreover, it should be noted that the striatum can be divided into
separate functional regions that process distinct information streams and are aligned to a
gradient that is organized in a dorsolateral to ventromedial fashion [19]. Dorsolateral regions
are primarily involved in the processing of sensorimotor information [20, 21, 22, 23, 24, 25],
central regions mediate cognitive functions such as procedural learning and working memory
[26, 27], while ventromedial parts are associated with the integration of motivational state
[28, 29, 30, 31]. As separate striatal regions process different information streams, it is to
be expected that they show differences in cellular identity, which could arise through the
innervation of distinct neurotransmitter systems. Therefore, the location and instances of
(co)expression of their receptors can serve to mark differences in cellular identity and aids
the understanding of the molecular mechanisms that enable striatal functioning.

To that end, we here used fluorescent in situ hybridization (FISH) to investigate the
(co)expression of dopamine receptor D1 (Drd1 ) and the dopamine receptor D2 (Drd2 ) mR-
NAs with transcripts of the GPCRs of the cannabinoid, melanocortinergic and opioid neu-
rotransmitter systems. We quantified expression levels in five different areas, the lateral and
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medial caudate putamen (lCPu, mCPu), the nucleus accumbens core and shell (AccC and
AccSh) and the olfactory tubercle, which is thought to share functionality with the nucleus
accumbens [32]. These neurotransmitter systems are known to modulate the activity of
MSNs in conjunction with dopaminergic neurotransmission and visualization of their recep-
tors might mark cellular subpopulations in the striatum. In doing so, we provide insight
into the cellular architecture of the striatum and progress the understanding of its role in
action selection.
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Results

Coexpression of Drd1 and Drd2 with A2aR, Enk or SubP

We quantified the coexpression of genes that are known to segregate to either the D1R or
D2R population. For the D1R population, this entailed quantification of coexpression of
Drd1 mRNAs with mRNAs of the precursor to substance P, protachykinin-1 (SubP) (figure
3, page 77). For the D2R population this entailed quantification of coexpression of Drd2
mRNAs with mRNAs of the genes A2aR (figure 1, page 75) and the precursor to the opioid
neuropeptide enkephalin, proenkephalin (Enk) (figure 2, page 76). Drd1 was virtually not
expressed in any Drd2 expressing cell, as only 0.13±0.08% of Drd1 expressing cells also
expressed Drd2 (z=-6.054, p<0.001) (figure 1A, D and I). As expected, A2aR showed a
preference for coexpression with Drd2 (z=-5.553, p<0.001) (figure 1B, C, E, F and I), as
0.39±0.15% of Drd1 expressing cells expressed A2aR, while 98.72±0.33% of cells positive for
Drd1 expressed A2aR. Specificity was also observed for expression of Drd2 with Enk (z=-
5.425, p<0.001) (figure 2B, C, F and H), as only 3.41±1.12% of Drd1 cells and 95.27±0.93%
of Drd2 cells expressed Enk. SubP showed a preference for colocalization with Drd1 (z=-
5.424, p<0.001), as 92.33±1.49% of Drd1 cells expressed SubP, while only 2.32±0.51% of
Drd2 cells expressed SubP (figure 3A, C, E and H). Drd1, Drd2 and A2aR were expressed
evenly in all striatal areas (figure 1G and H). Finally, Drd1 was expressed in 33.75±1.02%
of all striatal cells, while Drd2 was expressed in 25.17±0.82% of striatal cells, which was
significantly less (z=-4.748, p<0.001) (figure 1H).

Coexpression of Drd1, Drd2 and cannabinoid receptor 1

Striatal areas differentially expressed mRNA transcripts of the cannabinoid receptor 1
(Cb1r) (χ2=11.984, df=4, p=0.017) (figure 4, page 78, as the highest percentage of Cb1R
positive cells was found in the lCPu (55.05±2.61%), while lower amounts of Cb1r posi-
tive cells were observed in the other parts of the striatum (mCPU: 20.65±6.15%, AccC:
12.30±1.91%, AccSh: 13.85±3.17% and OT: 9.5±1.40%), forming a decreasing dorsolateral
to ventromedial gradient (figure 4G). The Cb1r showed no preference for coexpression with
mRNAs of either of the two dopaminergic GPCRs, as 39.765±7.34% of Drd1 expressing
cells and 36.66±7.07% of Drd2 cells expressed Cb1r (figure 4A-C, E, F and H). In addi-
tion, the amount of Cb1r expression per cell was also dependent on striatal area, as high
expressing cells were predominantly found in the lCPu and low expressing cells in other
parts of the striatum (figure 4I-M). Also here, the Drd1 and Drd2 populations were seg-
regated, as we found that only 0.20±0.07% of Drd1 expressing cells also expressed Drd2
(z=-5.929, p<0.001) (figure 4H). Moreover, significantly more striatal cells expressed Drd1
(34.91±1.24%) than Drd2 (23.17 ± 0.84%) (z=-5.195, p<0.001) (Fig 4G).

Coexpression of Drd1 and Drd2 with melanocortin receptors

No mRNA expression of the melanocortin receptor 3 (Mc3r) was found (figure 5, page 79),
but a clear signal was present for mRNAs of the melanocortin receptor 4 (MC4R) (figure 6,
page 80) and Mc4r was differentially expressed in striatal areas (χ2=17.361, df=4, p=0.002).
The highest expression was found in the OT (21.43±3.84%), when compared to the AccC
(8.30±1.83%) and AccSh (5.68±1.63%). No Mc4r expression was observed in the mCPu
and virtually no expression in the lCPu (0.43±0.24%), so Mc4r mRNA expression gradually
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decreases ventral to dorsal parts of the striatum (figure 6G, I-M). The Mc4r showed no
apparent preference for either dopaminergic GPCR, as 12.93±3.25% of Drd1 expressing
cells and 10.94±2.45% of Drd2 expressed Mc4r (figure 6A-C, E, F and H), although it
was observed that cells expressing high levels of Mc4r also expressed Drd1, but not Drd2
(figure 6N-R). Again, the Drd1 and Drd2 populations were segregated, as 0.14±0.08% of
Drd1 expressing cells also expressed Drd2 (z=-6.054, p<0.001) (figure 5H). In addition,
striatal cells expressed significantly more Drd1 (34.35 ± 1.39%) than Drd2 (20.23 ± 1.03%)
(z=-5.384, p<0.001) (figure 6G).

Coexpression of Drd1 and Drd2 with opioid receptors

Also mRNA transcripts of the opioid receptors were investigated (figure 7, page 81). Tran-
scripts of the mu-opioid receptor (Mor) were differentially expressed within the striatum
(lCPu: 1.225±0.82%, mCPu: 3.45±0.82%, AccC: 6.375±1.99%, AccSh: 4.95±1.28% and
OT: 1.9±0.85%) (χ2=10.928, df=4, p=0.027) (figure 7G). Mor showed a preference for
expression with the Drd1, as 8.30±1.66% of Drd1 expressing cells and 3.70±1.01% of
Drd2 expressing cells also expressed Mor (z=-2.112, p=0.035) (figure 7A, D and H). Tran-
scripts of the delta-opioid receptor (Dor) were dispersed evenly instriatal areas (lCPu:
15.55±4.81%, mCPu: 17.03±5.47%, AccC: 13.33±3.91%, AccSh: 18.63±5.78% and OT:
25.85±4.37%) (figure 7I). Dor showed a preference for expression with Drd2, as 0.78±0.31%
of Drd1 expressing cells and 70.27±6.30% of Drd2 expressing cells also expressed Dor
(z=-5.530, p<0.001) (figure 7B, E and J). Transcripts of the kappa-opioid receptor (Kor)
positive cells were differentially expressed in the striatum (lCPu: 5.175± 1.07%, mCPu:
7.93±1.69%, AccC: 10.90±1.85%, AccSh: 14.18±2.60% and OT: 14.85± 3.36%) (χ2=10.928,
df=4, p=0.027), showing a gradual increase in expression from dorsolateral to ventromedial
parts of the striatum (figure 7K). Moreover, Kor showed a preference for expression with
the Drd1, as 25.34±2.54% of Drd1 expressing cells and 6.38±1.19% of Drd2 expressing cells
expressed Kor as well (z=-4.951, p<0.001) (figure 7C, F and L). Also here, the Drd1 and
Drd2 populations were segregated, as 0.13±0.04% of Drd1 expressing cells also expressed
Drd2 (z=-7.554, p<0.001) (figure 3H). In addition, striatal cells did express significantly
more Drd1 (34.35±1.39%) than Drd2 (20.23±1.03%) (z=-5.384=1, p<0.001) (figure 7G).
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Figure 1

Coexpression of the adenosine 2a receptor with both Drd1 and Drd2. (A-F) Example
of staining in the lateral caudate putamen (lCPu). Nuclei were stained using 4’,6-diamidino-
2-phenylindole (DAPI) (blue). Clear expression for the dopamine receptor D1 (Drd1) (A),
the dopamine receptor D2 (Drd2) (B) and the adenosine 2a receptor ((A2aR) (C). White
bar, 25 µm. (D and E) Virtually no coexpression was found for Drd1 and Drd2 and for
Drd1 and A2ar. (F) Clear coexpression was found for Drd2 and A2ar. (G) Quantification of
expression and coexpression was performed in several regions of the striatum: 1 = lCPu,
2 = medial caudate putamen (mCPu), 3 = nucleus accumbens core (AccC), 4 = nucleus
accumbens shell (AccSh), 5 = olfactory tubercle (OT). Picture adapted from [19]. (H) Quan-
tification of the expression of Drd1, Drd2 and A2ar. Bars represent the mean percentage
(+SEM) of DAPI stained nuclei that are positive for Drd1, Drd2 or A2ar, where & indicate
a significant difference of p<0.05 in the mean percentage of Drd1 positive cells compared
to Drd2 positive cells (as determined by the Mann-Whitney U test). (I) Quantification of
coexpression of Drd1, Drd2 and A2ar. Bars represent the mean percentage (+SEM) of
cells expressing Drd1 also expressing Drd2, the percentage of Drd1 expressing cells also
expressing A2ar and the percentage of Drd2 expressing cells also expressing A2ar, where
* indicates a significant difference of p<0.05 in the percentage of cells that coexpress Drd1
and A2ar compared to cells that coexpress Drd2 and A2ar (as determined by the Mann-
Whitney U test).
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Figure 2

Coexpression of the dopamine receptor 2 and proenkephalin. (A-F) Example of stain-
ing in the lCPu. Nuclei were stained using DAPI (blue). Clear expression for the Drd1 (A),
Drd2 (B) and proenkephalin (Enk ) (C). White bar, 25 µm. (D and E) No coexpression found
for Drd1 and Drd2 and Drd1 and Enk. (F) Clear coexpression for Drd2 and Enk. (G) Quan-
tification of the expression of Drd1, Drd2 and Enk. Bars represent the mean percentage
(+SEM) of DAPI stained nuclei that are positive for Drd1, Drd2 or Enk (H) Quantification
of coexpression of Drd1, Drd2 and Enk. Bars represent the mean percentage (+SEM) of
cells expressing Drd1 also expressing Drd2, the percentage of Drd1 expressing cells also
expressing Enk and the percentage of Drd2 expressing cells also expressing Enk, where *
indicate a significant difference of p<0.001 in the percentage of cells that coexpress Drd1
and Enk compared to cells that coexpress Drd2 and Enk.
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Figure 3

Coexpression of the dopamine receptor 1 and protachykinin-1. A-F) Example of stain-
ing in the lCPu. Nuclei were stained using DAPI (blue). Clear expression for the Drd1
(A), Drd2 (B) and protachykinin-1 (SubP) (C). White bar, 25 µm. (D and F) No coexpres-
sion found for Drd1 and Drd2 and Drd2 and SubP. (E) Clear coexpression for Drd1 and
SubP. (G) Quantification of the expression of Drd1, Drd2 and SubP. Bars represent the
mean percentage (+SEM) of DAPI stained nuclei that are positive for Drd1, Drd2 or SubP.
(H) Quantification of coexpression of Drd1, Drd2 and SubP. Bars represent the mean per-
centage (+SEM) of cells expressing Drd1 also expressing Drd2, the percentage of Drd1
expressing cells also expressing SubP and the percentage of Drd2 expressing cells also
expressing SubP, where * indicate a significant difference of p<0.001 in the percentage of
cells that coexpress Drd1 and SubP compared to cells that coexpress Drd2 and SubP.
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Figure 4

Coexpression of the cannabinoid receptor 1 with both Drd1 and Drd2. (A-F) Example
of staining in the lCPu. Nuclei were stained using DAPI (blue). Clear expression for the
Drd1 (A), Drd2 (B) and cannabiniod 1 receptor (Cb1r ) (C). White bar, 25 µm. (D) No
coexpression found for Drd1 and Drd2. (E and F) Clear coexpression for Drd1 and Cb1r
and Drd2 and Cb1r. (G) Quantification of the expression of Drd1, Drd2 and Cb1r. Bars
represent the mean percentage (+SEM) of DAPI stained nuclei that are positive for Drd1,
Drd2 or Cb1r, where & indicates a significant difference of p<0.05 in the mean percentage
of Drd1 positive cells compared to Drd2 positive cells (as determined by the Mann-Whitney
U test). (H) Quantification of coexpression of Drd1, Drd2 and Cb1r. Bars represent the
mean percentage (+SEM) of cells expressing Drd1 also expressing Drd2, the percentage
of Drd1 expressing cells also expressing Cb1r and the percentage of Drd2 expressing cells
also expressing Cb1r. (I-M) Example pictures of Cb1r expression in the five regions defined
within the striatum. White bar, 30 µm.
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Figure 5

Mc3r expression is not observed in the striatum. (A-C) Example of staining in the AccC.
Nuclei were stained using DAPI (blue). Clear expression for the Drd1 (A) and Drd2 (B) but
not Mc3r (C). (D-F) No coexpression found Drd1 and Drd2 (D), Drd1 and Mc3r (E) or Drd2
and Mc3r (F). White bar, 25 µm.
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Figure 6

Coexpression of the melanocortin 4 receptor with both Drd1 and Drd2. (A-F) Example
of staining in the OT. Nuclei were stained using DAPI (blue). Clear expression for the Drd1
(A), Drd2 (B), and modest expression for melanocortin 4 receptor (Mc4r ) (C). Enlargements
of cells are depicted expressing both Drd1 and Mc4r, or both Drd2 and Mc4r. White bar, 25
µm. (D) No coexpression found for Drd1 and Drd2. (E and F) Clear coexpression for Drd1
and Mc4r and Drd2 and Mc4r. White bars, 25 µm. (G) Quantification of the expression
of Drd1, Drd2 and Mc4r. Bars represent the mean percentage (+SEM) of DAPI stained
nuclei that are positive for Drd1, Drd2 or Mc4r, where & indicates a significant difference
of p<0.05 in the mean percentage of Drd1 positive cells compared to Drd2 positive cells
(as determined by the Mann-Whitney U test). (H) Quantification of coexpression of Drd1,
Drd2 and Mc4r. Bars represent the mean percentage (+SEM) of cells expressing Drd1 also
expressing Drd2, the percentage of Drd1 expressing cells also expressing Mc4r and the
percentage of Drd2 expressing cells also expressing Mc4r. (I-M) Example pictures of Mc4r
expression in the five regions defined within the striatum. White bar, 30 µm. (N-R) Cells
expressing high amounts of Mc4r are found in the Drd1 population. White bar, 10 µm.
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Figure 7

Coexpression of the opiate receptors with both Drd1 and Drd2. A-F Example of stain-
ing in the striatum. Nuclei were stained using DAPI (blue). Coexpression depicted in red
and green for the described receptors. White bar, 25 µm. (A and D) Coexpression for Drd1
and mu-opioid receptor (Mor ), also for Drd2 and Mor. (B and E) Coexpression for Drd2
and delta-opioid receptor (Dor ), none found for Drd1 and Dor. (C and F) Coexpression
for Drd1 and kappa-opioid receptor (Kor ), and some coexpression for Drd2 and Kor. (G,
I and K) Quantification of coexpression of Drd1, Drd2, Mor, Dor and Kor. Bars represent
the mean percentage (+SEM) of DAPI stained nuclei that are positive for Drd1, Drd2, Mor,
Dor or Kor, where & indicates a significant difference of p<0.05 in the mean percentage of
Drd1 positive cells compared to Drd2 positive cells (as determined by the Mann-Whitney
U test). (H, J and L) Quantification of coexpression of Drd1 or Drd2 and Mor, Dor or
Kor. Bars represent the mean percentage (+SEM) of cells expressing Drd1 also express-
ing Drd2, the percentage of Drd1 expressing cells also expressing Mor, Dor or Kor and
the percentage of Drd2 expressing cells also expressing Mor, Dor or Kor, where * indicate
significant differences of p<0.05 in the percentage of cells that coexpress Drd1 and Mor,
Dor or Kor compared to cells that coexpress Drd2 and Mor, Dor or Kor (as determined by
the Mann-Whitney U test).
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Table 1

Regions and accession numbers used for synthesis of the FISH probes.

Gene Accession number Region
Drd1 NM 012546 29-2164
Drd2 NM 012547 410-1488
Cb1r NM 012784 175-1120
Mc4r NM 0130991 231-1136
Mc3r NM 001025270 198-1076
Mor NM 013071 226-1228
Dor NM 012617 120-1095
Kor NM 017167 133-1162
A2ar NM 053294 504-1611
Enk NM 017139 21-1036
SubP NM 012666 89-940

82



GPCR expression on striatal Drd1 and Drd2 subpopulations

Table 2

Percentage of coexpression of all investigated mRNAs with Drd1 or Drd2 transcripts.

Gene Expression with Drd1 Expression with Drd2
A2ar 0.39±0.15% 98.72±0.33%
Cb1r 39.765±7.34% 36.66±7.07%
Dor 0.78±0.31% 70.27±6.30%
Drd1 100±0.00% 0.14±0.01%
Enk 3.41±1.12% 95.27±0.93%
Mc3r None None
Mc4r 12.93±3.25% 10.94±2.45%
Mor 8.30±1.66% 3.70±1.01%
Kor 25.34±2.54% 6.38±1.19%
SubP 92.33±1.49% 2.32±0.51%
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Discussion

To the best of our knowledge, we here show for the first time which percentage of striatal
cells express Drd1 and Drd1 mRNAs and transcripts of the cannabinoid, melanocortin or
opioid receptors. We first investigated if the expression of genes that are known to be
expressed in only one of the two MSN populations indeed segregate along these lines. The
D1R population is known to express SubP, while the D2R population can be identified by
expression of Enk [15]. Moreover, A2ar is known to inhibit the function of the D2R by
the formation of a functional heterodimer [33, 34], for which coexpression is a prerequisite
[18]. Indeed, we observed near specific coexpression of the transcripts of SubP with Drd1
mRNAs and of Enk and A2ar transcripts with Drd1 mRNAs.and found very few cells (<1%)
expressing both Drd1 and Drd1. In addition, we found that striatal cells express Drd1 in
higher percentages than Drd1, which confirmed earlier findings [35, 36, 37].

As stated earlier, a clear distinction in dopaminergic GPCR expressing populations can
be made based on the expression patterns of either the D1R or the D2R [6, 7]. However, this
clear segregation of the D1R and D2R populations has been subject of much debate [38], as
a number of groups have reported Drd1 and Drd1 coexpressing cells and the existence of
functional D1R/D2R heterodimers [39, 40, 41, 42, 43]. These studies should be interpreted
with care however, as the use of striatal cultures, in which neurons are functioning in an
artificial environment, as well as cross-reactivity of the used antibodies may explain the
reported D1R/D2R heterodimers, In any case, we also found instances of Drd1 and Drd1
coexpression, in percentages similar to studies using BAC transgenic mice [37]. Moreover,
a small overlap of the D1R and D2R populations is also evidenced by our finding that the
neuropeptides ENK and SubP are expressed in both MSN populations. In addition, a recent
study suggests that an area between the AccSh and AccC is an ideal anatomical substrate
where D1R/D2R signaling could take place [44]. So, MSNs might not be completely seg-
regated into a D1R/SubP population and a D2R/ENK/A2AR population, depending on
striatal area. Future research has to show if and where the two MSN populations overlap
and establish the functional consequences of this presumed overlap.

Our next focus was on the expression of Cb1r in the two MSN populations. Cb1r mRNA
was highly expressed in the dorsolateral part of the striatum and its expression decreased
towards ventromedial parts of the striatum, in congruence with earlier reports [45, 46].
Extending on these results, we found that the Cb1r is promiscuous in its coexpression with
the dopaminergic GPCRs and that nearly all Drd1 and Drd1 positive neurons expressed the
Cb1r in the lCPu, while this percentage was much lower in the ventral striatum. Despite
the lower expression of Cb1r in the ventral parts of the striatum, our findings stress the
ability of endocannabinoids to influence both motor functions and reward processing [47, 48].
Moreover, our data confirm results of earlier studies that showed that the cannabinoid system
is able to give local feedback on the activity of both MSN populations (for extensive review
see: [49].

The melanocortinergic system is well known for its role in the regulation of energy bal-
ance, in particular through the action on its two centrally expressed GPCRs: the MC3R and
the MC4R [50]. No indication of striatal expression of Mc3r transcripts was found, readily
excluding a prominent role for Mc3r signaling in the striatum. Our observations suggest
that the melanocortinergic system primarily interacts with ventral parts of the striatum.
Looking at the percentage of coexpression of Mc4r transcripts with either Drd1 or Drd1
transcripts, no significant differences were observed. However, the expression levels of Mc4r
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transcripts correlate with the expression of either the Drd1 or the Drd1, as high levels of
Mc4r transcripts coincide with coexpression of Drd1, but not Drd1 mRNAs. This correla-
tion is of particular interest in light of a number of studies that reported the involvement of
MC4Rs expressed on D1R MSNs in a range of behavioral phenotypes. Lim et al. have found
that the MC4R mediates stress-induced decreases in the strength of excitatory synapses onto
D1R , but not D2R expressing MSNs, as the MC4R is necessary to internalize AMPA re-
ceptors on D1R MSNs after chronic stress [51]. Moreover, MC4Rs expressed on D1R MSNs
mediate parts of the phenotype observed in MC4R null mice, such as increased meal size,
insensitivity to cocaine-induced anorexia and locomotor sensitization and the inability to be
conditioned for high-fat food reinforcers [52, 53]. In addition, the high expression of Mc4r
on D1R MSNs could explain why the infusion of MC4R antagonists blocks the behavioral
effects of cocaine, which are thought to be mediated primarily by D1R signaling [54]. Taken
together, these findings indicate that MC4R signaling strongly modulates D1R signaling,
making it an interesting target for pharmacotherapies to combat psychopathologies such as
addiction and obesity.

Opioids generally act upon three different GPCRs. These GPCRs differ in opioid affinity
and are expressed throughout the entire striatum [55]. We and others observed high Mor
mRNA expression in the AccC and AccSh, implying a stronger influence of MOR on the
nucleus accumbens. Moreover, we confirmed a gradual increase in the expression of Kor
transcripts from dorsolateral towards ventromedial parts of the striatum [56] and showed
that all investigated opioid receptors show a preference for expression with either of the to
dopaminergic GPCRs:the Dor showed near exclusive coexpression with the Drd1, the Kor
showed a preference for coexpression with the Drd1, and the Mor showed a preference for
coexpression with the Drd1.

The main agonist for DOR is enkephalin, for KOR dynorphin and for MOR endorphin
[57]. Dynorphins and enkephalins are synthesized in Drd1 and Drd1 expressing neurons
respectively [6], while endorphins are synthesized in POMC expressing neurons [57]. These
observations led us to postulate that dynorphins and enkephalins are able to give selective
feedback on Drd1 and Drd1 expressing neurons respectively. Since opioid receptors signal
via Gi resulting in hyperpolarization via activation of GIRK channels [58], release of opioids
from striatal medium spiny neurons may provide an auto-inhibitory feedback loop. KOR
activation has been associated with dysphoria and aversion [59, 60], while DOR activation
has been suggested to improve negative emotional states [61, 62, 63, 64]. Also, activation
of DOR increases the release of dopamine in the striatum [65], while KOR activation has
the opposite effect [66]. These opposing roles are also reflected in the differential influence
of these opioid receptors on dopamine-related behaviors [67, 68]. It is tempting to speculate
that this is due to the preference of these receptors for one of the two MSN populations,
but our results are not congruent with results of others, which found Drd1 to coexpress
with Dor in much higher levels than we did ([69]. This might be due to differences in
subcellular localization at the pre- or postsynapse, to internalization of the receptor, to the
striatal region that was under investigation in the other study (a specific part of the dorsal
striatum) or to cross-reactivity of the antibodies used and future studies will have to clarify
this discrepancy. Taken together, our observations suggest that MOR is able to modulate
the activity of both MSN populations, with a stronger influence on the Drd1 population, as
opposed to DOR and KOR, which seem to target specific MSN subpopulations.

Although through the quantification of the percentage of striatal cells that express Drd1
and Drd1 mRNAs with transcripts of cannabinoid, melanocortin or opioid GPCRs this
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study provides valuable insight in the cellular architecture of the striatum, it has two major
limitations that should be taken into account. The nature of our methods do not allow for
any inference on the location of the proteins that are translated from the GPCR mRNAs.
As such, we cannot distinguish between pre- and postsynaptically located GPCRs and thus
do not provide the exact location where endocannabinoids, melanocortins and opioids act
to modulate MSN activity. Secondly, we only used hemispheres of two different animals in
this study. As the majority of our results are so prominent (the GPCRs under investigation
showed either a clear preference for colocalization with the DRD1 or DRD2 or not), we
could not justify increasing the amount of animals because of ethical reasons.

In sum, the present data indicate that the dopaminergic, cannabinoid and opioid systems
exert control over the entire striatum, while the melanocortinergic system specifically targets
the ventral parts. Moreover, we find that the opioid GPCRs have a preference for expression
with either the Drd1 or Drd1 and that high and low levels of MC4R expression imply
coexpression with Drd1 and Drd1 respectively. Hereby, we expand the list of GPCRs that
are preferentially expressed in one of the MSN populations and offer some insight in the
molecular mechanisms that enable the selection of adaptive behaviors.
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Materials and methods

Animals

Adult male Wistar rats (Charles-River, Erkrath, Germany) were used (n = 2). The animals were
housed individually (378x217x180 cm) in a controlled environment under a 12:12 light/dark cycle
with lights on at 0700 h. The experiments were approved by the Animal Ethics Committee of the
University Medical Center Utrecht, according to Dutch legislation.

FISH probes

The probe sets used to detect the desired rat mRNAs are designed by Panomics (Santa Clara,
USA), using published sequences (see table 1, page 82). Blast searches were performed to avoid
large homologous sequences of undesired genes and guarantee probe specificity. The probe sets
consist of about 20 probe pairs, with each probe having a length of 20-25 nucleotides. The probes
within each pair are designed to hybridize at adjacent regions of the target mRNA, allowing the
hybridization of a preamplification oligo (Panomics) that spans the hybridized probe pair, thus en-
suring signal specificity. This specific signal was further amplified by hybridization of amplification
oligo’s (Panomics) and visualized by label oligo’s (Panomics), resulting in an amplification of up to
500 times for low abundant mRNAs. In addition, probe pairs were designed to hybridize at adjacent
sections, covering the entire region that is mentioned in table 1. Other probes were designed to
hybridize to small regions within the desired gene sequence that share homology with undesired
gene sequences. These probes did not allow hybridization of preamplification oligo’s, which ensured
specificity of the amplified signal.

FISH procedure

After decapitation, brains were isolated and immediately frozen on dry ice. Coronal sections (16
μm) were made with a Leica CM 3050 cryostat between 1.38 and 1.70 mm anterior to bregma
(Leica, Wetzlar, Germany). First, sections were post-fixed in 4% paraformaldehyde for 10 minutes,
washed in phosphate buffered saline (PBS) and acetylated for 10 minutes. After washing, sections
were subsequently incubated for 2 hours in prehybridization mix (50% deionized formamide, 5xSSC,
5xDenhardt’s solution, 250 μg/ml tRNA baker’s yeast, 500 μg/ml sonicated salmon sperm DNA final
concentrations in MilliQ). Next, sections were incubated overnight at 40 ◦C in 120 μl hybridization
mix (Panomics) containing the probe sets (Drd1 1:33, Drd1 1:33, other probes 1:50) and washed.
Subsequently, sections were incubated for 1.5 h at 40 ◦C in 120 μl PreAmplifier Mix (Panomics)
containing preamplification oligo’s (PreAmp TYPE4 1:20, PreAmp TYPE 6 1:50, PreAmp TYPE
8 1:33) and washed. Then, sections were incubated for 1.5 h at 40 ◦C in 120 μl Amplifier Mix
(Panomics) containing amplification oligo’s (Amp TYPE4 1:20, Amp TYPE 6 1:50, Amp TYPE 8
1:33) and washed. Next, sections were incubated for 1.5 hours at 40 ◦C in 120 μl in Label Probe Mix
(Panomics) containing label oligo’s (LP TYPE4 1:20, LP TYPE 8 1:33, LP TYPE 6 1:50). After
washing, sections were incubated in 750 μl PBS supplemented with 4’,6-diamidino-2-phenylindole
(DAPI) (6.7 μ/ml, Sigma Aldrich, St. Louis, USA) for 5 minutes. Finally, sections were washed
and embedded in Mowiol.

Image acquisition

Images were obtained with a Zeiss AxioScope A1 microscope (Carl Zeiss, Jena, Germany) equipped
with Chroma filter sets (Chroma, Bellows Falls, USA) and Zeiss AxioVision Rel. 4.8 acquisition
software. DAPI was acquired using the 31000v2 filter block of Chroma. The Chroma FITC filter
block 410001 was used to acquire the 488 nm conjugated TYPE4 label. The 550 nm conjugated
TYPE8 label was acquired using a Chroma TRITC 41002b filter block containing a narrowband
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excitation filter. A custom Chroma Cy5 infrared filter was used for the acquisition of the 650 nm
conjugated TYPE6 label. This label was excited at 650 nm using an HQ650/45x filter (Chroma)
and light was directed by a Q680LP dichroic mirror (Chroma) through a HQ690LP emission filter
(Chroma). Images were processed and analyzed using ImageJ 1.43r software.

Data analysis

The (co)expression of the mRNA transcripts of the different GPCRs and neuropeptides was quanti-
fied in five different areas of the striatum: the lateral caudate putamen (lCPu), the medial caudate
putamen (mCPu), the nucleus accumbens core (AccC), the nucleus accumbens shell (AccSh) and
the olfactory tubercle (OT). 4 images (300 μmx220 μm) per striatal area were used for quantification
of a certain mRNA with the Drd1 and Drd1 transcripts. Separate cells were identified on the basis
of nuclear DAPI staining and were counted as expressing a certain mRNA if one or more fluorescent
dots were present in, or in close vicinity of (defined as a circle with twice the diameter of the DAPI
staining) the area of DAPI staining.

The percentage of cells expressing a certain mRNA was determined by dividing the amount of
cells expressing a certain mRNA by the total amount of DAPI stained nuclei (=number of cells
expressing a certain mRNA/the total number of DAPI stained nuclei*100). Statistical analyses
were done by conduction ofthe non-parametric Kruskall-Wallis tests, with significance levels set at
α=0.05, to determine significant differences in levels of expression per striatal area in SPSS 20 for
Windows (IBM, USA). The Kruskal-Wallis test was used because the small sample sizes did not
allow for any inferences on the underlying distributions.

The percentage of cells expressing Drd1 mRNA and another mRNA was determined by dividing
the amount of cells positive for Drd1 and another mRNA by the total amount of Drd1 positive cells
(number of cells expressing Drd1 and another mRNA/total number of cells expressing Drd1*100).
An identical approach was used for calculation of the percentage of Drd1 expressing cells that also
expressed another mRNA. Because of the small sample sizes, the preference for expression of a
certain mRNA with transcripts of either Drd1 or Drd1 were determined by conduction of non-
parametric Mann-Whitney U tests in SPSS 20 for Windows (IBM, USA). For these tests, results
from separate striatal areas were combined, as individual tests for each separate striatal area would
necessitate corrections for multiple comparisons and essentially yield comparable results.

To determine if cells were either high- or low expressing, the number of fluorescent dots were
counted and cells were arbitrarily classified as low expressing cells if they expressed less than 30
dots and classified as high expressing in all other instances.
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Abstract

We here describe a technique to transiently activate specific neural pathways in vivo. It com-
prises the combined use of a CRE-recombinase expressing canine adenovirus-2 (CAV-2) and
an adeno-associated virus (AAV-hSyn-DIO-hM3D(Gq)-mCherry) that contains the floxed
inverted sequence of hM3D(Gq)-mCherry: a designer receptor exclusively activated by de-
signer drugs (DREADD). CAV-2 retrogradely infects projection neurons, which allowed us
to specifically express hM3D(Gq)-mCherry in neurons that project from the ventral tegmen-
tal area (VTA) to the nucleus accumbens (Acb), the majority of which were dopaminergic.
Activation of hM3D(Gq)-mCherry by intraperitoneal (i.p.) injections of clozapine-N-oxide
(CNO) leads to increases in neuronal activity, which enabled us to specifically activate VTA
to Acb projection neurons. The VTA to Acb pathway is part of the mesolimbic dopamine
system and has been implicated in behavioral activation and the exertion of effort. Injections
of all doses of CNO led to increases in progressive ratio (PR) performance. The effect of the
lowest dose of CNO was suppressed by administration of a D1-antagonist, suggesting that
CNO-induced increases in PR performance are at least in part mediated by D1-signaling.
We hereby validate the combined use of CAV-2 and DREADD-technology to activate specific
neural pathways and determine consequent changes in behaviorally relevant paradigms.
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Introduction

While the existence of neuronal pathways has been appreciated since Ramon y Cajal’s time,
techniques to specifically activate them in vivo and study consequent changes in behavior
have only been developed recently. The combination of optogenetic and designer receptor
exclusively activated by designer drugs (DREADD) technologies with CRE-mediated homol-
ogous recombination enables specific targeting and manipulation of neural pathways and has
improved our understanding of how the activity of specific neuronal pathways can act as
determinants of behavior [1, 2]. Most often however, optogenetic and DREADD technologies
are combined with mouse CRE-lines, which limit their applicability. As suggested by Nair
et al. [3], the combination of these technologies with CRE-expressing viral vectors provides
another means to target specific neural pathways on a cellular resolution. Here, we test
and validate the combined use of CAV-2 and DREADD-technology to pharmacogenetically
activate specific neural pathways in vivo.

The technique entails the infusion of two viral vectors (CAV-2 and AAV-hSyn-DIO-
hM3D(Gq)-mCherry) into two sites that are connected through direct neuronal projections
and represent a neuronal pathway. AAV-hSyn-DIO-hM3D(Gq)-mCherry is infused in the
site where the cell bodies are located, while CAV-2 is infused in the area that is innervated
by the corresponding axons. After infection of axonal terminals, CAV-2 is transported
towards the cell bodies and expresses CRE-recombinase [4, 5]. AAV-hSyn-DIO-hM3D(Gq)-
mCherry contains the floxed inverted sequence of hM3D(Gq)-mCherry, which is reoriented in
the presence of CRE, prompting the expression of hM3D(Gq)-mCherry. This ensures that
hM3D(Gq)-mCherry is not expressed in all AAV-hSyn-DIO-hM3D(Gq)-mCherry infected
neurons, but exclusively in those that are also infected with CAV-2.

hM3D(Gq)-mCherry is a G-protein coupled receptor that is activated by the pharmaco-
logically inert compound clozapine-N-oxide CNO [6]. The binding of CNO to hM3D(Gq)-
mCherry initiates several intracellular cascades [7], which leads to increases in neuronal
activity [1, 8]. CNO crosses the blood-brain barrier and can be administered i.p., which
facilitates its use in behavioral experiments. As CNO only activates those neurons in which
hM3D(Gq)-mCherry is expressed, the combination of hM3D(Gq)-mCherry with CAV-2 al-
lows for the activation of specific neural pathways.

To validate the combined use of CAV-2 and DREADD-technology to activate a specific
neural pathway and investigate consequent changes in behavior, we chose to activate a neu-
ral pathway of which the function is relatively well-described: the VTA to Acb pathway.
Activity of this pathway has been suggested to increase locomotor activity and enhance
performance rates in several tasks that demand effort (for reviews see: [9, 10]. Its effect on
behavioral activation is believed to primarily constitute dopaminergic neurotransmission, in
particular via dopamine receptor D1 (DRD1) signaling [11, 12]. Indeed, we find that the ma-
jority of transduced neurons in this pathway are dopaminergic and that its activation does
lead to increases in locomotor activity and enhances performance rates in a PR-paradigm.
In a subsequent experiment, we show that the effect of the lowest dose of CNO on PR-
performance can be suppressed by administration of the D1-antagonist SCH23390, thereby
underscoring the potential of the combined use of CAV-2 and DREADD-technology to pro-
vide means to bridge the gap that separates structure from function.
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Results

Specific expression of hM3D(Gq)-mCherry in VTA to Acb projection
neurons

Infusions of CAV-2 in the Acb led to expression of CRE in VTA, as hM3D(Gq)-mCherry
expression was restricted to this area (figure 1A-C), indicating that CAV-2 specifically in-
fected VTA to Acb projection neurons and expressed CRE, inducing hM3D(Gq)-mCherry
expression in the VTA only. One animal was excluded from the group analysis, as no expres-
sion of hM3D(Gq)-mCherry was observed, most likely due to a misplaced injection. Two
populations of hM3D(Gq)-mCherry positive neurons could be identified (figure 1D-F): one
that expressed TH and one that did not, where out of the 91 identified hM3D(Gq)-mCherry
positive neurons, 69 did express TH (mean percentage: 78.71± 6.09%, data not shown).

Activation of the VTA to Acb pathway leads to increases in PR-
performance as well as increased locomotor activity

Injections of CNO increased the number of ALP (0.1 mg/kg: χ2(2) = 10, p=0.001; 0.3
mg/kg: χ2(2) = 18.426, p<0.001; 1 mg/kg χ2(2) = 6, p= 0.022). When compared to the
first saline injection, all three doses of CNO led to significant increases in the number of
ALP (0.1 mg/kg: z=-2.023, p=0.043; 0.3 mg/kg: z=-3.059, p=0.002; 1 mg/kg: z=-2.023,
p=0.043). These effects were transient, as the number of ALP returned to baseline the next
day when saline was administered (0.1 mg/kg: z=-2.023, p=0.043; 0.3 mg/kg: z=-3.059,
p=0.002; 1 mg/kg: z=-2.023, p=0.043) (figure 2A). In the animal in which no hM3D(Gq)-
mCherry expression was observed, none of the CNO injections led to increases in the number
of ALP (data not shown). Increases in the number of ILP were dependent on the dose of
CNO that was administered (0.1 mg/kg: χ2(2) = 5.852, p= 0.054; 0.3 mg/kg: χ2(2) =
16.167, p<0.000; 1 mg/kg: χ2(2) = 5.333, p=0.032) (figure 2B). The highest doses of CNO
increased the number of ILP significantly (0.3 mg/kg: z=-3.059, p=0.002; 1 mg/kg: z=-
1.993, p=0.046) and transiently, as the number of ILP returned to baseline after saline
administration the next day (0.3 mg/kg: z=-2.886, p=0.004; 1 mg/kg: z=-0.028, p=0.028).
In the animal in which no hM3D(Gq)-mCherry expression was observed, none of the CNO
injections led to increases in the number of ILP (data not shown). Next to increases in the
exertion of effort, injections of CNO led to behavioral activation. CNO dose-dependently
increased locomotor activity (0.1 mg/kg: χ2(2) = 2.8, p=0.247; 0.3 mg/kg: χ2(2) = 9.25,
p=0.015; 1 mg/kg: χ2(2) = 8.4, p=0.015), as only the higher doses of CNO significantly
increased locomotor activity, when compared to the saline injection administered the day
before (0.3 mg/kg: z=-2.521, p=0.012; 1 mg/kg: z=-2.023, p=0.043) (figure 2C). This
effect was transient, because when saline was administered the next day, locomotor activity
decreased again (0.3 mg/kg: z=-2.380, p=0.017; 1 mg/kg: z=-2.023, p=0.043). In the
animal in which no hM3D-mCherry expression was observed, none of the CNO injections
led to increases in locomotor activity (data not shown).
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CNO-induced increases in PR-performance can be blocked by intra-
Acb infusion of the DRD1-antagonist SCH23390

In one animal, the cannulae were not placed in the Acb, which led to its exclusion from
further analyses (figure 3A and B). As before, i.p. CNO injections led to significant increases
in the number of ALP (0.03 mg/kg: z=-2.366, p=0.018; 0.1 mg/kg: z=-2.197, p=0.028)
(figure 3C). Intra-Acb infusion of SCH23390 did not affect the number of ALP when co-
administered with saline i.p. (z=-0.847, p=0.397). As intra-Acb infusion of SCH23390 did
not suppress the effect of 0.1 mg/kg CNO on the number of ALP (z=-1.859, p=0.063) to
baseline levels (z=-2.197, p=0.028), but did show a trend towards suppression, we decided
to lower the dose of CNO to 0.03 mg/kg. Now, SCH23390 was able to suppress the effect
of CNO on the number of ALP (z=-2.336, p=0.018) to baseline levels (z=-1.690, p=0.091).
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Figure 1

Depicted in the upper row are single section images of (A) hM3D(Gq)-mCherry expres-
sion, (B) Tyrosine hydroxylase (TH) expression and (C) combined hM3D(Gq)-mCherry and
TH expression. hM3D(Gq)-mCherry expression is restricted to the ventral tegmental area
(VTA), as no mCherry expression could be observed in the substantia nigra pars compacta
(SNpc) or surrounding areas. Depicted in the lower are single section confocal images
of (D) hM3D(Gq)-mCherry expression, (E) TH expression and (F) combined expression of
hM3D(Gq)-mCherry and TH. Two populations of hM3D(Gq)-mCherry expressing VTA to Acb
projection neurons can be distinguished, one population that does not express TH (vertical
white arrows) and one population that does express TH (horizontal yellow arrows).
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Figure 2

(A) Injections of different doses
of clozapine-N-oxide (CNO) led
to transient increases in the
number of active lever presses.
(B) The number of inactive lever
presses was dose-dependently
affected by injections of CNO.
The amount of lever presses
are depicted as bars repre-
senting group means (+SEM).
* indicate a significant differ-
ence in lever presses between
CNO and saline treatments of
p<0.05. (C) Injections of CNO
also had a transient and dose-
dependent effect on locomotor
activity. Data in C are presented
as the group means of home
cage activity (±SEM), binned
into one hour periods. Shaded
in light gray are circles and tri-
angles that represent the effect
of saline injections the day be-
fore and after CNO injection re-
spectively. * indicate a signif-
icant difference between CNO
and saline treatments in loco-
motor activity 3-7 hours after in-
jections of p<0.05.
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Figure 3

(A) In seven animals cannulae
were correctly placed in the
nucleus accumbens (Acb). The
outlined numbers represent
the location of the ending of
the guide cannulae, for each
animal (1-8) individually. Ab-
breviations: AcbC = nucleus
accumbens core, AcbSh =
nucleus accumbens shell,
CPu = caudate putamen. (B)
Representative image (animal
5) of cannula placement in
the Acb. The horizontal arrow
indicates the ending of the can-
nula (C) Intra-Acb infusions of
the D1-antagonist SCH22390
dose-dependently suppressed
CNO-induced increases in the
number of active lever presses.
Data are depicted with bars
representing group means
(+SEM), with * indicating a sig-
nificant difference of i.p. CNO
vs. i.p. saline of p<0.05 and
& indicating a significant differ-
ence of intra-Acb SCH23390
vs. intra-Acb saline of p<0.05.
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Discussion

The combined use of CAV-2 and DREADD-technology allowed us to specifically activate the
VTA to Acb pathway and to induce transient increases in PR-performance and locomotor ac-
tivity. In addition, we provide evidence that the CNO-induced increases in PR-performance
are at least in part dependent on DRD1-signaling, as intra-Acb infusion of the DRD1-
antagonist SCH23390 suppressed the effect of 0.03 mg/kg CNO. Interestingly, SCH23390
did not suppress the effect of 0.1 mg/kg CNO on PR-performance. Together with the
observation that only the highest doses of CNO significantly increased locomotor activity,
this suggests a dose-dependent effect of CNO on the activation of hM3D(Gq)-mCherry. In
sum, we hereby validate the combined use of CAV-2 and DREADD-technology to activate
a specific neural pathway and determine consequent effects on behavior. This technique
has two main advantages over other techniques that can be used to activate specific neural
pathways in vivo. Firstly, it eliminates the need for cortically implanted glass fibers for
the optogenetic manipulation of neural pathways. Secondly, it abolishes the use of trans-
genic CRE-lines to target specific neural projections on a cellular resolution. Anatomical
resolution is achieved by the infusion of two viral vectors in anatomically distinct sites and
cellular resolution is warranted by the restricted expression of hM3D(Gq)-mCherry expres-
sion in CAV-2 infected neurons, offering means to pharmacologically target specific cellular
populations. In principle, this technique could be adapted to genetically target cellular pop-
ulations within the CAV-2 infected population, by replacing the constitutive hSyn promoter
of hM3D(Gq)-mCherry with a cell-specific promoter [13, 14, 15, 16]. If employed in this
way, the technique enables the dissociation of the behavioral effects of the different cellular
subpopulations within a specific neural pathway. In addition, this technique is easily used
for the identification of different cell populations, as we have shown by double immunofluo-
rescent labeling for hM3D(Gq)-mCherry and TH. In sum, the combined use of CAV-2 and
DREADD-technology permits the identification of different cellular populations within a
specific neural pathway and offers cellular resolution to the behavioral effects that follow its
activation, thereby providing a simple tool to pharmacogenetically manipulate the activity
of specific neural pathways in vivo.
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Material and methods

Ethics statement

Experiments were approved by the Animal Ethics Committee of the university of Utrecht and were
conducted in agreement with Dutch laws (Wet op de Dierproeven, 1996) and European regulations
(Guideline 86/609/EEC).

Animals

Adult male Wistar rats (Charles-River, Germany) were used (n = 15). The rats were housed
individually (378x217x180 cm) in a controlled environment under a reversed 12:12 light/dark cycle,
with lights on at 1900 h. In their home cage, rats had ad lib access to standard chow (Special Diet
Service, UK) and water.

Operant conditioning

Training and operant conditioning were essentially conducted as described in Chapter 3. Training
of the rats was performed between 1100 h and 1600 h in a fixed ratio 1 paradigm (FR1) and all
PR-sessions started before 1300 h and were completed by 1600 h.

Surgery

The first group of animals consisted of 7 rats of which 4 rats were bilaterally injected with 1 μl
of 1.0x109 genomic copies/μl of CAV-2 (IGMM, France) and 3 rats with 1 μl of 5.0x108 genomic
copies/μl of CAV-2 in the Acb (from bregma: anterioposterior: +1.2 mm, medio-lateral: ±2.8 mm;
dorso-ventral: -7,5 mm, at an angle of 10◦C), using a stereotactic apparatus. Next, all rats were
bilaterally injected with 1 μl of 1.0x109 genomic copies/μl of AAV-hSyn-DIO-hM3D(Gq)-mCherry
(UNC Vector Core, USA) in the VTA (from bregma: anterio-posterior: -5.4 mm, medio-lateral:
±2.2 mm, dorso-ventral: -8.9 mm, at an angle of 10◦C). As there was no difference observable
in VTA hM3D(Gq)-mCherry expression or behavioral measures between the CAV-2 titers, the
groups were considered to be equal and combined for statistical analyses. Infusions were performed
under fentanyl/fluanisone (0.315 mg/kg fentanyl, 10 mg/kg fluanisone, i.m., Hypnorm, Janssen
Pharmaceutica, Belgium) and midazolam (2.5 mg/kg, i.p., Actavis, the Netherlands) anesthesia.
Xylocaine was sprayed on the skull to provide local anesthesia (Lidocaine 100mg/ml, AstraZeneca
BV, the Netherlands). A transmitter for the recording of locomotor activity (TA10TA-F40, Data
Science International, USA) was placed in the abdominal cavity as well. All rats received three daily
peri-surgical injections of carprofen (5 mg/kg, s.c., Carporal, AST Farma BV, the Netherlands)
starting at the day of surgery. A second group of 8 rats underwent identical surgery procedures
but received additional guide cannulae (24 gauge; Cooper’s Needleworks, UK) in the Acb (from
bregma: anterioposterior: +1.2 mm, medio-lateral: ±2.8 mm; dorso-ventral: -6,5 mm, at an angle
of 10◦C) as well. Cannulae were secured on the skull with stainless steel screw and dental acrylic
and stainless steel stylets (29 gauge) were inserted in the guide cannulae to ensure patency.

Effects of CNO on operant conditioning

PR-sessions were initiated 15 d after surgery to allow the CAV-2 to infect the VTA and induce
hM3D(Gq)-mCherry expression. The PR-sessions were conducted for a period of six weeks on a
daily basis. The standard procedure involved i.p. administration of saline 0.5 h before the start
of each PR-session. However, rats were administered CNO (0.1, 0.3 or 1.0 mg/kg, i.p.) when
they obtained a stable number of SP (not more than one obtained sucrose pellet deviation between
sessions for three consecutive days). The effects of different doses of CNO on the number of ALP and
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ILP were determined by comparing them to the effect of saline injections the day before and after
CNO injection. Statistical analyses were done by conduction of Friedman tests and the Wilcoxon
signed rank tests in SPSS 20 (IBM, USA) with the levels of significance set at α=0.05.

Effect of CNO on locomotor activity

The home cage was placed on a receiver plate (DSI, USA) that received radiofrequency signals
from the abdominal transmitter. The plate was connected to software (DSI, USA) that recorded
locomotor activity. The summed amount of activity within a period of 4 h was determined, which
started 2.5 h after i.p. injection as it was not possible to measure locomotor activity in the operant
conditioning chambers. The effects of the different doses of CNO were determined by comparing
them to the effects of saline injections the day before and after CNO injection. Statistical analysis
were done by conduction of Friedman tests and the Wilcoxon signed rank tests in SPSS 20 (IBM,
USA) with the level of significance set at α=0.05.

Effects of SCH23390 and CNO on operant conditioning

PR-sessions were performed in periods of five days. On days 1 to 3 rats received i.p. injections
of saline 0.5 h before the start of PR-sessions, while on days 4 and 5 rats were administered CNO
(0.03 or 0.1 mg/kg, i.p.). On day 2 to 5, additional bilateral intra-Acb infusions were performed,
either with saline (0.3 μl) or SCH23390 (1.0 μg/0.3 μl; Sigma-Aldrich Co., USA). 5 min. after i.p.
injections, 30 gauge injection needles (Bilaney, Germany) were inserted in the guide cannulae and
connected to 10 μl Hamilton micro-syringes by polyethylene tubing. Over 60 s, 0.3 μl was infused
using a syringe pump (Harvard Apparatus, USA). The injection needles remained inserted for 60 s
following infusion, after which stylets were replaced. As described above, effects of different doses
of i.p. CNO injections on the number of ALP and ILP were determined by comparing them to
the effect of saline injections, but only for saline intra-Acb infusions. The effects of SCH23390 on
PR- performance were determined by comparing the effects of intra-Acb infusions of SCH23390
with saline infusions, for each CNO treatment (0, 0.03 and 0.1 mg/kg) separately. In addition,
baseline levels (saline i.p. and saline intra-Acb) were compared with the effect of SCH23390 on
CNO-induced behaviors (CNO i.p. and SCH23390 intra-Acb). Statistical analyses were done by
conduction of Wilcoxon tests in SPSS 20 (IBM, USA) with the levels of significance set at α=0.05.

Tissue preparation

Rats received an overdose of sodium pentobarbital (200mg/ml, Euthanimal, Alfasan BV, The
Netherlands) and were transcardially perfused with 0.1M phosphate buffered saline (PBS; pH 7.4),
followed by PBS containing 4% paraformaldehyde. Brains were excised and kept at 4 ◦CC in PBS
containing 4% paraformaldehyde for 24h, transferred to 30% sucrose in PBS and kept at 4 oC for
72h. Brains were snap frozen in isopentane between -60 ◦CC and -40 ◦CC. Frozen brains were
sliced into 40 μm sections using a crysostat (Leica, Germany), collected in PBS containing 25%
polyethylene glycol and 25% glycerol and stored at -20 ◦CC. Apart from their use in the immuno-
histochemistry procedures (see below), these sections were also visually inspected to confirm guide
cannulae placement in the Acb using a Zeiss Axioskop 2 microscope (Zeiss, Germany).

Immunohistochemistry

Sections were washed in PBS and subsequently blocked and permeabilized in PBS containing 10%
normal goat serum and 0.05% Tween-20 for 1 h. After washing in PBS, sections were incubated
overnight with primary antibodies in PBS containing 0.05% Tween-20. hM3D(Gq)-mCherry was
detected with mouse anti-mCherry (1:500, Abcam, UK) and TH was detected with rabbit anti-TH
(1:750, Millipore, USA). After washing in PBS, sections were incubated with secondary antibodies
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for 1 h. hM3D(Gq)-mCherry was visualized with Alexa-594 labelled goat anti-mouse IgG (Molec-
ular Probes, USA, 1:500), while TH was identified with Alexa-488 labelled goat anti-rabbit IgG
(Molecular Probes, USA, 1:500). After washing in PBS, sections were washed in PBS and mounted
in mounting medium (Calbiochem, USA).

Image analysis

Immunofluorescent sections were photographed and digitized using a Zeiss Axioskop 2 epifluores-
cent microscope (Zeiss, Germany) and a Olympus Fluoview FV1000 confocal microscope (Olym-
pus, Japan). The locus of hM3D(Gq)-mCherry expression was determined by the presence of TH
immunoreactivity, which allowed for the identification of the VTA and the SN. In addition, we
determined the percentage of hM3D(Gq)-mCherry expressing cells also expressing TH in the first
set of animals, using at least one confocal image per animal.
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Relevance

Because of the worldwide increases in the prevalence of obesity and related disorders it is
vital to gain a deeper understanding of the neural circuitries that generate the internal drive
to eat. Understanding the mechanisms that lead to obesity is a first step towards novel
and improved treatments, as they provide targets for pharmacological therapies aimed to
reduce this internal drive and consequently increase the effectiveness of lifestyle interventions.
Although much progress has been made in the past few decades, a ‘golden’ standard for the
treatment of obesity has not been developed as yet. The work presented in this thesis aimed
to expand the body of knowledge that exists on which neural circuitries contribute in what
way to the etiology of obesity. This chapter summarizes the main findings of this thesis and
discusses possible future directions.

Beyond GWAS: Functional characterization of obesity-associated
genes

To gain more insight in the function of a subset of obesity-associated genes, the stud-
ies described in chapter two to four were performed. As a first step, the expression lev-
els of five obesity-associated genes were quantified after experimentally inducing changes
in measures of obesity in two feeding-associated brain areas, namely the arcuate nucleus
(ARC)/ventromedial hypothalamus (VMH) and the substantia nigra (SN)/ventral tegmen-
tal area (VTA). Evidence was found that the expression levels of the genes e-twenty six ver-
sion 5 (Etv5 ), fas apoptopic inhibiting molecule 2 (Faim2 ), fat mass and obesity-associated
(Fto) and neural growth regulator (Negr1 ) but not SH2B adaptor protein 1 (Sh2b1 ) were
dependent on nutritional state. The largest differences in expression levels were found in
the ARC/VMH after food restriction, which reflects the established role of the ARC/VMH
to deal with a negative energy balance. In addition, the expression of Etv5 was decreased
in the SN/VTA after food restriction. As none of the investigated genes were differentially
expressed in the dentate gyrus, a region not majorly implicated in the regulation of energy
balance, the results of this study suggest that four of the five investigated obesity-associated
genes regulate energy balance in the ARC/VMH and/or SN/VTA. The obesity-associated
genes Etv5 and Negr1 were the most prominent targets for further characterization as they
are highly expressed in the substantia nigra (SN)/ventral tegmental area (VTA) or in the
ventro-medial hypothalamus (VMH) respectively and are differentially expressed in those
areas after food restriction.

Increased expression of Etv5 in the SN/VTA does not affect feeding
behavior

The study described in chapter three aimed to seek further evidence for a role for Etv5
in the SN/VTA in the regulation of energy balance. Etv5 is an interesting candidate to
consider when linking the hypothalamic control over food intake with hedonic aspects of
feeding. It has been suggested that Etv5 drives the expression of genes that are involved in
the synthesis and release of dopamine, which holds true for its nematode homologue axon-
steering defect 1 [1]. Moreover, it has been shown that leptin regulates expression levels of
tyrosine hydroxylase (Th) in the VTA via neurotensin-producing neurons that originate in
the lateral hypothalamus [2, 3]. As such, Etv5 is in the ideal position to drive leptin-induced
changes in the expression of Th. Indeed, intracerebroventricular infusions of leptin increased
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expression levels of Etv5 in the SN/VTA. Moreover, Etv5 was able to drive expression of Th
in vitro. When adeno-associated virus (AAV)-mediated gene transfer was used to increase
Etv5 expression levels in the SN/VTA however, no effect on the regulation of energy balance
or the motivation to obtain sucrose pellets was observed. Although there was a trend for
increased Th expression in the VTA, increased expression of Etv5 in the SN/VTA did not
lead to significantly increased levels of Th in these areas. In sum, these results do not
support a role for increased expression of Etv5 in the SN/VTA in the regulation of feeding
behavior.

Although no additional evidence for a role for Etv5 in the regulation of energy balance
was obtained in this thesis, this does not exclude such a role for Etv5 either. Studies de-
signed to decrease the expression of Etv5 in these areas might yield stronger cellular effects
that lead to changes in behavior and measures of obesity. While not described in this thesis,
we did perform studies using AAVs containing shRNAs to knockdown Etv5 expression in
the SN/VTA. However, these studies were hampered by the fact that these AAVs caused
neuronal cell death, which rendered the results of these studies uninterpretable. So, these
studies should be repeated with AAVs containing miRNAs, as we did for Negr1 knockdown
in chapter 4. In addition, as Etv5 was able to drive expression of Th in vitro, studies are
needed to determine if Etv5 regulates the expression of other genes that are involved in the
synthesis and release of dopamine in vitro as well. If so, this justifies the performance of
additional studies that investigate if manipulation of Etv5 expression alters dopaminergic
neurotransmission in vivo, for example via high-pressure liquid chromatography or micro-
dialysis. Finally, as the expression of Etv5 was decreased in the ARC/VMH after exposure
to a high-fat high-sucrose diet, studies aimed to investigate if Etv5 regulates energy balance
in these areas might provide additional clues on why genetic variants of Etv5 are associated
with obesity.

Hypothalamic expressed Negr1 regulates aspects of energy balance

The study described in chapter four was performed to investigate if Negr1 regulates energy
balance in the VMH. AAV-technology was used to either increase or decrease Negr1 ex-
pression in this area and determine subsequent effects on the regulation of energy balance.
Knockdown of Negr1 expression did lead to an increase in body weight, presumably via
an increased intake of carbohydrates, as decreased Negr1 expression did not increase satu-
rated fat intake. If any, the intake of saturated fat intake was decreased after knockdown
Negr1 expression, although this effect was not statistically significant. In addition, both
knockdown and overexpression of Negr1 in the VMH led to reduced energy expenditure.

Although these results support that Negr1 regulates energy balance in the VMH, there
are a number of limitations that should be taken into account with this study. Firstly, only
one of the two AAV-vectors that was used to knockdown Negr1 expression in the VMH did
affect energy balance. Although the ineffective vector was not able to significantly decrease
Negr1 expression either, it did decrease Negr1 expression in the same percentages as the
effective vector. Secondly, the AAV-infected area was not limited to the VMH only, but was
also found in the periventricular hypothalamic areas, indicating that the observed effects
could be mediated by Negr1 expression in these areas as well. Finally, exposure to the high-
fat high sucrose diet only lasted a week, which may have been too short for any significant
effect on the intake of specific macronutrients to manifest itself.

As one of the AAV-vectors significantly decreased Negr1 expression and affected body
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weight and chow intake, while the other AAV-vector did not affect energy balance, but did
suppress Negr1 expression to borderline significance, additional studies have to be performed
to clarify this discrepancy. One option is that the effective vector had off-target effects and
affected energy balance in this way, although infusion of the AAV-vectors did not lead to
significant cell death or loss of miR-124 expression, which is often observed after AAV-
mediated knockdown of gene expression [4].

One of the interesting results obtained from this study, is that downregulation of Negr1
did increase the effect of chow, but not fat intake. In light of the association of Negr1
with an increase in carbohydrate and fiber intake in humans as found by two independent
GWA studies, this finding should be replicated and further investigated [5, 6]. Future studies
should prolong the exposure to the high-fat high-sucrose diet and investigate if Negr1 indeed
selectively alters the intake of specific dietary components. If so, subsequent characterization
of the neurons on which Negr1 is expressed could lead to the identification of a hypothalamic
neural circuit that selectively drives the intake of specific macronutrients.

Functional characterization of obesity-associated genes

The hypothesis-free GWA studies have delivered multiple targets for further characteriza-
tion. However, the combined results of all the obesity-associated loci only explain a very
small fraction of the heritability (<¡10%) and there is much debate on how to explain this
’missing’ heritability. The consensus is now that this missing heritability is made up by
much rarer variants that cannot be detected by GWA studies as they are designed to detect
common variants of moderate effect sizes. In addition, copy number variants, epigenetic
factors and interaction effects between the already identified obesity-associated genes could
offer an alternative explanation as to why so little of the variation in BMI is explained thus
far [7].

In any case, the obesity-associated genes that have been found deserve further charac-
terization. Like those presented in this thesis, studies aimed to determine where in the body
these obesity-associated genes act and subsequent investigation of their function are needed
to gain a better understanding of the genetics of obesity. Where viral-mediated approaches
enable local manipulation of gene expression at any stage in life, transgenic mice permit the
investigation of gene effects on a broader scale, by the generation of systemic, cell-type spe-
cific and/or conditional knock-out/knock-in mice. Anyhow, studies to link gene function to
a behavioral phenotype are complicated by multiple factors. Firstly, the timing of the gene
effect may be of importance. It is very well possible that a gene has a different effect during
development than in adult stages. Moreover, if the function of a gene is experimentally im-
paired, it could be that other genes compensate for this impairment, such that the effect of
the gene that is under investigation is blunted. Therefore, the undertaking of the functional
characterization of the obesity-associated genes is a time-consuming, difficult process that
will be encompanied by a multitude of studies that delivers negative results. However, these
approaches are necessary to fully understand the etiology of obesity. So, although it is clear
that obesity is a complex, multifactorial disease in which multiple genes are responsible for
the obese phenotype, earlier studies do justify studies aimed towards investigation of single
gene effects, as they have progressed the understanding of the etiology of obesity.
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The dopaminergic system and hedonic feeding

A wealth of literature exists on the functioning of the dopaminergic system, as it has been
implicated in action selection, learning and reward processing [8, 9, 10]. Moreover, the
dopaminergic system is a prime candidate to play a role in the hedonic aspects of feeding,
as it enables the association of reward with the ingestion of nutrients. Therefore, the focus
of chapter five and six was on the dopaminergic system.

Sensitivity of medium spiny neurons to multiple neurotransmitter
systems

The study described in chapter 5 aimed to investigate the sensitivity of the two dopamino-
ceptive subpopulations in the rat striatum. As described in this chapter, two distinct
dopaminoceptive populations exist, that have opposite effects on action selection. The
population that expresses the dopamine receptor 1 (Drd1 ) promotes action selection, while
the population that expresses the dopamine receptor 2 (Drd2 ) exerts a negative effect on
action selection [11]. The integrated functioning of both pathways determines which action
will be translated into behavior [12, 13].

In this study, we provided further evidence that the two dopaminoceptive populations
are differentially activated by the opioid and melanocortinergic, but not by the cannabinoid
neurotransmitter systems. The mu-opioid receptor and the kappa-opioid receptor showed
preference for expression on the Drd1 positive cells, while the delta-opioid receptor showed
a preference for expression in the Drd2 subpopulation. In addition, we found that the
melanocortic receptor 4 was highly expressed in Drd1 positive cells, but expressed at much
lower levels in Drd2 positive cells. Studies like these are important to get a better grasp on
the molecular mechanism that enable action selection and provide targets for pharmacolog-
ical treatments that are caused by striatal disfunctioning, such as addiction, schizophrenia
and obesity.

Activating specific pathways in vivo

The study described in chapter 6 aimed to validate the combined use of designer receptor
activated by designer drugs (DREADD)-technology with the canine adenovirus-2 (CAV-2),
that retrogradely infects neurons and expresses CRE, which permits specific targeting of a
neural pathway. To validate the technique, the VTA to nucleus accumbens (Acb) pathway
was activated to determine its effect on progressive ratio (PR) performance, as this pathway
has been implicated to function in reward processing, via activation of DRD1 [14]. Indeed,
upon activation of this pathway, PR performance was increased, which could be blocked by
intra-Acb infusion of a DRD1-antagonist, validating the use of this procedure in behavioral
neuroscience.

Although this study did not deliver novel insights in the functioning of the dopaminergic
system per se, it has potential in uncovering the behavioral effects of a neural pathway of
which the cellular identity is not known. After the behavioral effects of such a pathway is
determined, the DREADD-receptors can be visualized and as such, permits cellular charac-
terization of DREADD-expressing neurons by additional stainings (as was done for TH in
this study). If used in this way, the technique allows for both the characterization of the
behavioral effects of a neural pathway and subsequent identification of the different neu-
ronal populations that may exist in this neural pathway. In principle, the technique can be
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adopted to target these different neuronal populations by use of cell-specific promoters. As
such, the technique can be used to tease apart the contributions of each neuronal population
on behavior, providing an easy-to-use and versatile technique to determine the behavioral
effects of a specific neural pathway.

Concluding remarks

The work presented in this thesis aimed to expand the body of knowledge that exists on
obesogenic neural pathways. By usage of state-of-the art techniques in behavioral neuro-
science, it was attempted to gain more insight in the etiology of obesity. We started out with
the functional characterization of obesity-associated genes, by investigating candidate brain
regions in which a subset of these obesity-associated genes might regulate energy balance.
This approach was successful in the sense that we found that hypothalamic expressed Negr1
regulates aspects of energy balance and underscores the potential of similar approaches to
functionally characterize the remaining set of obesity-associated genes.

The second part of the work presented in this thesis was focused on the dopaminergic
system and made use of two novel techniques. Firstly, we validated a novel fluorescent in
situ hybridization (FISH) procedure and determined the sensitivity of the two populations
of dopaminoceptive medium spiny neurons to multiple neurotransmitter systems. As this
FISH procedure allows for the simultaneous detection of multiple lowly-expressed mRNA-
transcripts, it is a very useful tool for the cellular characterization of neural pathways.
Secondly, we validated the combined use DREADD-technology with CAV-2 to determine the
behavioral effects of a specific neural pathway, which was done by activating dopaminergic
neurons in vivo and determine consequent behavioral effects in a relevant paradigm. When
combined, these techniques allow for the functional characterization of obesogenic neural
circuitries from molecule to behavior. As such, the work presented in the second part of this
thesis emphasizes the fast pace in which our understanding of behavior is developing.

Finally, it may now be clear that obesity has a complex, multifactorial etiology that is
far from unraveled. Hypothesis-free approaches such as GWA studies and next-generation
sequencing techniques will identify novel genetic factors that associate with obesity and
related measures (e.g. fat mass, diabetes scores, lifestyle) and will serve as targets for
further characterization. Animal models will be at the base of the endeavour to unravel
the functions of these genes as they offer the only possibility to investigate gene function in
vivo. In addition, novel techniques that allow for the manipulating the activity of specific
neural pathways will shed light on the behavioral influence of these neural circuitries and
can be used to investigate how the internal drive to eat is generated. A synthesis of these
genetic and physiological approaches is necessary to fully grasp the neurobiology of obesity
and will advance the development of pharmacological treatments to help obese individuals
in altering their eating habits.
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Samenvatting in het Nederlands

Obesitas en gerelateerde ziekten worden gekenmerkt door een te hoge inname van voed-
ingsstoffen enerzijds en een tekort aan beweging anderzijds, waardoor een positieve en-
ergiebalans en dus overgewicht ontstaat, wat een verhoogd risico op bijvoorbeeld hart-
en vaatziekten en diabetes met zich meebrengt. Dit is vooral een probleem in Westerse
maatschappijen, waar voedsel wijdverbreid verkrijgbaar is. Aangezien de incidentie van
obesitas pas in de laatste decennia is toegenomen kan men er zeker van zijn dat niet een
verandering in het menselijke genenpakket de oorzaak is (aangezien dat soort veranderingen
in een veel grotere tijdspanne plaatsvinden), maar dat vooral veranderingen in omgeving en
levenstijl de huidige incidentie van obesitas verklaren. Niet iedereen die wordt blootgesteld
aan deze ’obesogene’ omgeving ontwikkelt echter overgewicht. Er is individuele variatie in
lichaamsgewicht, wat suggereert dat genen wel degelijk een rol spelen in de ontvankelijkheid
voor obesitas. Om deze reden wordt er veel gëınvesteerd in onderzoek om niet alleen te be-
grijpen welke genetische achtergronden een risico vormen voor de ontwikkeling van obesitas,
maar ook om inzicht te verkrijgen in welke genenpakketten de ontwikkeling van obesitas
juist tegenwerken. De rationale hierachter is dat wanneer men weet welke genen een rol
spelen bij de ontvankelijkheid voor obesitas, men meer fundamenteel inzicht krijgt in de
biologische mechanismen die aan de regulering van energiebalans ten grondslag liggen, wat
dan kan leiden tot farmaceutische therapieën ter bestrijding van overgewicht.

Om de genetische factoren te vinden die de ontvankelijkheid voor obesitas bepalen wor-
den zogenoemde genoomwijde associatie (GWA) studies uitgevoerd. Met dit soort studies
wordt de variatie in lichaamsgewicht in een grote groep mensen geassocieerd met genetische
variatie. Door deze studies kennen we ondertussen meer dan 30 genetische factoren die op
de een of andere manier een rol spelen in de ontvankelijkheid voor obesitas. Onduidelijk
is echter waar precies deze factoren in het lichaam hun werk doen en bij welke biologische
processen ze betrokken zijn.

Het is in de laatste decennia op basis van proefdieronderzoek echter wel duidelijk gewor-
den dat het centrale zenuwstelsel een grote rol speelt bij de regulatie van de energiebalans,
iets wat bevestigd wordt door de resultaten van de GWA studies (een groot deel van de
gevonden genetische factoren zijn werkzaam in de hersenen). Men onderscheidt grofweg
twee neuronale netwerken die samen de inname van voedsel reguleren: het homeostatische
systeem (in de hypothalamus en het rhombencephalon) en het hedonische systeem dat het
’beloningsnetwerk’ van het brein vormt. Het homeostatische systeem is verantwoordelijk
voor het in balans houden van energiereserves, waar het hedonistische systeem juist bepaalt
of voedsel lekker is of niet. Dit systeem kan een grote rol spelen bij overeten, door emo-
tionele waarde aan voedsel te hechten, zodat men er van eet zonder echt honger te hebben
(dus zonder dat er een behoefte wordt gesignaleerd vanuit het homeostatische systeem om
energiereserves aan te vullen). Omdat het centrale zenuwstelsel een grote rol speelt bij de
regulatie van eetgedrag, zou het ontwikkelen van therapieën die overgewicht bestrijden de
manipulatie van de hierboven beschreven neurale netwerken kunnen behelzen. Maar daar-
voor is meer kennis over die systemen en hun interactie nodig. De opkomst van genetica
is en zal hierbij van grote hulp zijn omdat met behulp van genetische technieken neurale
netwerken tot cellulair niveau beschreven kunnen worden. De uitkomsten van hiervoor be-
sproken GWA studies bieden bijvoorbeeld nieuwe aanknopingspunten omdat ze zonder enige
hypothese zijn gegenereerd. Daarnaast is de genetica onmisbaar bij het beschrijven van de
invloed van deze neurale netwerken op gedrag, vooral in combinatie met recent beschik-
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baar gekomen technologieën zoals ’DREADD’ en optogenetics. Deze technieken maken het
mogelijk om specifieke neuronale netwerken te activeren in levende dieren en zo direct hun
invloed op gedrag te kunnen bepalen.

Het werk dat gepresenteerd is in deze thesis is gericht op het vergroten van de kennis
die bestaat over welke neurale netwerken op welke manier bijdragen aan de ontvankelijkheid
van obesitas. Er is gebruik gemaakt van verschillende technieken die een functionele ken-
schetsching van obesogene neurale netwerken mogelijk maken. Al het werk is gedaan in
ratten, omdat dat het doen van invasief in vivo onderzoek toelaat en vanwege het feit dat
zij qua gedrag en fysiologie meer verwant zijn aan de mens dan de muis.

In hoofdstuk 2 is een studie beschreven die gebruik heeft gemaakt van de resultaten van
de GWA studies. Met behulp van de Allen Brain Atlas werden er vijf genen uitgekozen die
zowel in de arcuate nucleus en de ventromediale hypothalamus (onderdelen van het home-
ostatische systeem) als in het ventraal tegmentum en de substantia nigra (onderdelen van
het hedonische systeem) tot expressie komen. Door de GWA studies weten we dat ze een
rol spelen in de regulering van body mass index, maar niet precies hoe. Ten eerste werd er
onderzocht of de expressie van deze genen afhankelijk is van metabole status. Hiertoe zijn
ratten blootgesteld aan een normaal dieet (onbeperkte toegang tot standaard laboratorium
voedsel), een restrictiedieet (twee uur toegang tot standaard laboratorium voedsel, wat leidt
tot een negatieve energiebalans) of een vet- en suikerruik dieet (onbeperkt toegang tot stan-
daard laboratorium voedsel, ossewit en suikerwater, wat leidt tot een positieve energiebalans.
Na blootstelling aan deze dieëten werd er bepaald (met behulp van 33P in situ hybridiza-
tie) of er een verandering in de expressie van de genen Etv5, Negr1, Faim2, Fto en Sh2b1
had plaatsgevonden na blootstelling aan het restrictiedieet of het vet- en suikerrijk dieet ten
opzichte van het normale dieet. Met uitzondering van Sh2b1 bleken de expressieniveau’s van
alle genen afhankelijk te zijn van metabole status. Met name interessant schenen de veran-
deringen in de expressieniveau’s van Etv5 (verlaagde expressie in het ventraal tegmentum
na het restrictiedieet) en Negr1 (verhoogde expressie in de hypothalamus na restrictiedieet).
Daarom werd er besloten om met deze twee genen vervolgstudies uit te voeren (hoofdstuk
3 en 4).

Na raadpleging van de literatuur bleek namelijk dat Etv5 een rol zou kunnen spelen in de
regulatie van dopamine spiegels. Aangezien dopamine een belangrijke speler is in het hedo-
nische systeem en Etv5 heel specifiek tot expressie komt in de hersengebieden waar dopamine
wordt aangemaakt (ventraal tegmentum en substantia nigra) werd er besloten om met be-
hulp van een adeno-geassocieerd virus de expressie van Etv5 experimenteel te verhogen om
vervolgens het effect daarvan op de regulering van de energiebalans te bepalen. Hoewel
er een uitgebreide batterij van gedragstesten werd gebruikt, werd er geen bewijs gevonden
dat verhoogde expressie van Etv5 de regulatie van de energiebalans bëınvloedt. Het zou
echter kunnen dat niet verhoogde expressie van Etv5, maar juist verlaagde expressie van
Etv5 fysiologisch relevant is. Verdere studies zouden deze mogelijkheid moeten uitsluiten.

In hoofdstuk 4 is er een studie beschreven naar de functie van Negr1. Wederom werd er
gebruik gemaakt van adeno-geassocieerde virussen ten einde het expressieniveau van Negr1
in de hypothalamus te manipuleren. Experimentele verlaging van Negr1 veroorzaakte een
toename in de inname van standaard laboratorium voedsel wanneer dat onbeperkt werd
gegeven, wat uiteindelijk ook leidde tot een toegenomen lichaamsgewicht. Verhoging van
het expressieniveau van Negr1 had geen effect tijdens blootstelling aan onbeperkt gegeven
standaard laboratorium voedsel. Wanneer de ratten werden blootgesteld aan het restric-
tie of het vet- en suikkerijke dieet werd geen effect van beide experimentele manipulaties
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waargenomen, hoewel er wel een trend zichtbaar was voor verlaagde vetinname na verlaging
van het expressieniveau van Negr1. Aangezien GWA studies associaties hebben gevonden
tussen bepaalde varianten van Negr1 met verhoogde carbohydraat- en verlaagde vetinname,
zou het kunnen dat Negr1 in de hypothalamus de inname van de verschillende macronu-
triënten bëınvloedt, maar verdere studies zouden deze mogelijkheid moeten onderzoeken.
Daarnaast leidden zowel verhoogde als verlaagde expressie van Negr1 tot een verlaging in
lichaamstemperatuur, wat tegenstrijdig is. Een verklaring zou kunnen liggen in het feit dat
verlaagde Negr1 expressie niet direct leidt tot verlaagde lichaamstemperatuur, maar dat
het effect secundair is aan de verhoogde voedselinname en/of lichaamsgewicht. Al met al
bevestigen deze resultaten de bevindingen van de GWA studies, die een rol voor Negr1 in
de regulatie van energiebalans suggereren.

In hoofdstuk 5 en 6 zijn studies beschreven waarin er werd gekeken naar het dopamin-
erge systeem - een van de belangrijkere neurotransmitters in het hedonische systeem - om-
dat dit systeem een emotionele associatie met de inname van voedsel mogelijk maakt. Er
bestaan twee soorten dopamine-receptieve populaties in het brein, de D1-populatie en de
D2-populatie. Activatie van de D1-populatie promoot de selectie van mogelijk gedrag, ter-
wijl activatie van de D2-populatie irrelevant gedrag onderdrukt. De gecombineerde werking
van deze populaties bepaalt uiteindelijk welk gedrag vertoond zal worden. Een grondig be-
grip van het dopaminerg systeem is onontbeerlijk om te begrijpen hoe gedrag gereguleerd
wordt (waaronder de inname van voedsel).

In de studie beschreven in hoofdstuk 5 werd er gekeken naar de colocalizatie van recep-
toren van de opiöıde, melanocortinerge en endocannabinöıderge systemen met de receptoren
(D1 of D2) van de twee dopamine populaties. Opöıden, melanocortine en endocannabinöıden
oefenen invloed uit op de mate van activatie van de twee verschillende dopamine populaties
en dus op het vertonen van gedrag. Het doel van deze studie was om meer inzicht te verkri-
jgen in hoe die invloed precies uitgeoefend wordt, door te kijken naar de verdeling van de
receptoren van deze neurotransmitters op de D1-populatie en de D2-populatie. Met deze
studie is er meer bewijs beschikbaar gekomen dat de afzonderlijke dopaminerge systemen
verschillend gemoduleerd worden door de opiöıde en melanocortinerge systemen. Dit is be-
langrijk voor beter inzicht in de moleculaire mechanismen die verantwoordelijk zijn voor de
selectie van gedrag, wat uiteindelijk kan leiden tot betere therapieën tegen ondere andere
schizofrenie, verslaving en obesitas.

In hoofdstuk 6 is er een studie beschreven waarin een nieuwe methode uitgeprobeerd
die het mogelijk maakt om specifieke neurale projecties tussen twee hersengebieden te activ-
eren. Om deze methode te valideren is er gekozen om de verbindinging tussen het ventraal
tegmentum en de nucleus accumbens te activeren, waarvan het bekend is dat het voor-
namelijk dopaminerge neuronen bevat en zowel een rol speelt bij gedragsactivatie als bij
het uitoefenen van moeite voor het verkrijgen van een beloning. Na activatie van deze neu-
rale verbinding waren ratten inderdaad bereid meer moeite te stoppen om een beloning te
verkrijgen. In een tweede proef bleek dit gemedieerd te worden door D1-activatie, aangezien
toediening van een D1-antagonist het effect van de activatie van de neurale verbinding (gro-
tendeels) teniet deed. Met deze studie is deze methode gevalideerd, die een grote potentie
heeft om de invloed van specifieke neurale verbindingen op het vertonen van gedrag te on-
derzoeken.

De studies die zijn gepresenteerd in deze thesis waren gericht om meer inzicht te verkri-
jgen in de etiologie van obesitas. Obesitas is een complexe, multi-factoriale aandoening die
nog lang niet compleet begrepen is. De volgende stappen zullen met behulp van hypothese-
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vrije GWA studies en next-generation sequencing studies gezet kunnen worden, zodat er meer
inzicht kan komen in de genetische factoren en als uitgangspunt kunnen dienen voor verdere
kenschetsing van de verantwoordelijke neuronale netwerken. Daarnaast zullen nieuwe tech-
nieken die op cellulair niveau neuronale netwerken kunnen activeren en vervolgens het effect
hiervan op gedrag bepalen van belang zijn. Een combinatie van de genetica en fysiologie
(zoals beschreven in deze thesis) zal dus nodig zijn om een completer beeld te krijgen van
de biologische mechanismen die overgewicht veroorzaken, ten einde nieuwe farmacologische
therapieën te ontwikkelen die obese individuen kunnen helpen hun eetpatronen te veran-
deren.
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Rudolf Magnus) te Utrecht in 2009. De uitkomsten van dit werk zijn gepresenteerd in dit
proefschrift. Vanaf november 2014 werkt hij als post-doctoral research assistant in het lab-
oratorium van dr. Raffaella Tonini, aan het Italiaans instituut voor technologie in Genua,
Italië.
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Dankwoord

Wat heb ik toch vaak uitgekeken naar dit moment. Eindelijk ben ik er aan toe. Het schrijven
van het dankwoord. Het aller- allerlaatste wat nog moet. En als je het dan gaat schrijven
snap je eigenlijk niet meer precies waarom je hier ooit zin in hebt gehad. Niet omdat je
niet dankbaar bent, integendeel, maar vooral omdat je dan alweer een periode van je leven
af moet sluiten (wat gaat de tijd toch vreselijk snel). En wat voor periode was het. Een
periode vol bewogen momenten, waarvan ik eigenlijk niets wil vergeten, hoe naar ze soms
ook waren (maar vaker beter). Het was het allemaal waard. Al dat bloed, dat zweet en die
tranen dat ik niet alleen binnen maar ook zeker buiten het lab heb vergoten. Wat kan je
dan enorm blij zijn met je collega’s, vrienden en familie die je er doorheen trekken als dat
nodig is. Want laten we wel wezen: er zijn zeker wat momenten geweest dat ik echt hulp
nodig had. Maar gelukkig waren er ook genoeg momenten waarop ik heel goed wist waar
het allemaal heen moest en ook op die momenten is het fantastisch om collega’s, familie
maar vooral ook vrienden te hebben. Maar hoe ga ik dat nu doen, dat bedanken? Tsja, het
lijkt me duidelijk dat ik dan toch wel gewoon ga beginnen bij de belangrijkste personen in
mijn leven.

Mijn lieve ouders. Ik weet niet precies waar ik moet beginnen. Wat jullie allemaal voor
me hebben gedaan is belachelijk. Naast me verwekt te hebben natuurlijk, maar laten we
het even beperken tot de afgelopen vijf jaar. Naast me minstens een keer in de week gevoed
te hebben voordat ik ging oefenen met mijn bandje, kan ik me een onnoemelijk aantal
momenten herinneren dat jullie me met berustende woorden hebben toegesproken, meestal
in de trant van: ’het komt sowieso goed’, ’nog even maar, dan ben je er vanaf’ of ’natuurlijk
kan je dit, twijfel niet zo aan jezelf’. Dat blijkt dan toch allemaal te kloppen en ik weet
dus vanaf nu dus echt dat ik van alles kan. Maar toen was er een idioot met een pistool en
kwam ik weer thuis wonen. Dat was voor jullie ook niet altijd makkelijk, maar uiteindelijk
was het volgens mij allemaal best wel gezellig zo op elkaars lip.

En ja Jaap, broer van me, dat deed ik kort daarvoor bij jou. Kon ik gewoon even
een maand uitstressen in jouw huis in Bushey. Je wil niet weten hoeveel goed mij dat
toen heeft gedaan. Lekker rustig schrijven wanneer ik daar zin in had, geen afleiding van
iets of iemand die iets van me wilde en tussendoor samen een beetje leven: eten maken,
boodschappen doen, improvisatie bekijken en voornamelijk veel praten. Ik heb nu ook een
groot huis en je bent absoluut welkom om hetzelfde te komen doen. En ik kan hier nu wel
ingaan op jouw verhuistocht naar Bologna en wat ik toen bij me had, maar ja, laten we dat
maar even laten voor wat het is.

Maar dat brengt me natuurlijk wel bij Rolf, mijn oom. Ook bij jou (en bij Betsie
en Anouk, Lotte en Rikke natuurlijk) mocht ik een tijdje komen rusten tijdens mijn zw-
erftochten en mijn proefschrift komen schrijven. Jij zei op een gegeven moment: ’Met Arjen
kan dat gewoon, die kan gewoon langskomen en gaat dan lekker zijn gang.’ Dat kan dan
ook alleen bij mensen die mij mijn gang laten gaan en dat kan heerlijk bij jullie. Heel erg
bedankt voor jullie gastvrijheid en ik kijk nu al uit naar het einde van je LP-zoek trip Rolf,
aangezien die in Genua gaat eindigen. Er ligt het een en ander voor je klaar dan.

Dan is hier de plek om mijn hele familie te bedanken. Jullie zijn allemaal fantastisch!
Kerst, Sinterklaas en vakantie (iets met een vlieger zijn, toch Willem?) met de Boenders,
een paar Oud en Nieuws met Cor en Gor (ik weet echt niet waar dat vandaan komt) en
de verjaardagen en dagjes uit met de van Rossums, voor mij is het allemaal heel waardevol
(daarom baalde ik dat ik er niet bij was in Arnhem). En Elly, ik hoop dat we nog steeds
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gestopt zijn als je dit leest!

Vanuit de geborgenheid van je familie moet je toch eens een keer op je eigen benen gaan
staan. Dus ga je op je tweede maar eens naar de crêche en kom je daar een Joep tegen
die je nog steeds kent. Ik vraag me echt af hoe dat eerste gesprek tussen ons ging, maar
onze moeders hoefden er in ieder geval niets voor te doen. Wij hebben samen gruwelijk veel
meegemaakt (Aurora was dan misschien even wat minder na dag drie, die dag op de markt
in Ljubljana weet ik nog goed: kijk eens waar dat allemaal tot heeft geleid). Het was leuk
om weer even in Nijmegen te bivakkeren en je ontwikkelingen van dichtbij te volgen. Vanaf
nu moet het van iets verder weg, maar volgen blijven we elkaar.

En na Joep kwamen Tim, Jochem, Simon en Maurice. Ons groepje. Snel afspreken
wordt het nooit (meer), maar als het lukt loopt het toch zeker in de helft van de gevallen
behoorlijk uit de hand. Tim, ik denk vaak terug aan die keer dat we in de boom bij het
Keizer Karelplein zaten, de avond voor het Natuurkunde examen, precies te doen wat we
niet moesten doen (of juist wel, anders had ik het nu niet meer geweten). Jochem, jij had
aan precies dezelfde mensen een hekel als ik op TCCN en dat schept een band. Ook herinner
ik me een Wiggly-taak en heel veel eten kopen in een tussenuur en dat dan opeten. Simon,
nou ja, Simon. Wat een glorieuze momenten. Ik denk dat jij me het meest aan het lachen
heb gemaakt ooit met die friet in een puntzak. En doe de dop erop. Laten we vooral wel
even kijken of we de VUUV of VOOV dit jaar gaan halen (en dan wel of niet er naartoe
gaan). Maurice, diegene van ons met de ijzeren discipline. Sorry dat ik Sloeber iets teveel
eten heb gegeten, maar ja. Naast die beroemde uitspraken in Zeeland: ’Kijk eens jongens,
ik ben ..... ’ of ’Simon, ik heb een ......., zal ik je er mee op je hoofd slaan?’ ben je ook een
enorme held omdat ik een maand lang je huis mocht lenen.

En er bleven wel meer vrienden van mijn basisschooltijd in mijn leven. Zoals Janna. Ik
weet nog dat je op Lowlands aan me vroeg: ’Jij komt toch weer terug naar Nimma? Wil
je niet een kamer in het centrum?’ Nou ja, natuurlijk. Jij zegt altijd dat ik zoveel meer
achtergrondkennis heb, maar laten we niet vergeten wie hier de hogere CITO-score had. In
Genua hebben ze ook leuke feestjes: neem Laura mee! Uit die tijd komen ook Dirk, Eelke,
Jamie en Jord. Het Nijmeegse, vroeger lekker in de Bijstand hangen, nu meer in de Plu. Ik
herinner me een vakantie in Zeeland (Dirk: ja met mannen ja), een vakantie in Frankrijk
waarin we een nacht op het strand moesten slapen, Sziget natuurlijk en het werken (nou
ja, werken) op Quirin’s en eindeloze sessies in het park of ergens anders in Nijmegen. Wat
ik trouwens met Job en Nick ook genoeg heb gedaan. En veel muziek maken met een paar
uit deze alinea, maar ook met Nik en Kai wat eigenlijk altijd te gek was. Later ook met
Gerben, Jaap, Jeroen en Roel (behoorlijk jammer dat ik moest stoppen, mannen). En als
laatst komen Willemijn en Nicky ook uit deze tijd/contreien, waarmee ik nog steeds af en
toe gezellig kan doen. Nimma is en blijft een fijne stad.

En toen was het echt tijd om op eigen benen te gaan staan (de crêche was maar schijn).
Dus naar Groningen, want dat was lekker ver weg (alhoewel ik behoorlijk wat koudwatervrees
had en notabene Liesbeth me zowat die kant op geduwd heeft). Gelukkig maar, want die
tijd was ook te gek. Antikraak in Assen, op de boerderij in Garmerwolde en later toch
maar op een ’normale’ kamer in Groningen (wel meteen Jennifer erbij, die elke dag kwam
zeuren of het wat zachter mocht, maar soit). En daar heb ik o.a. Piet, Rudy en Vincent
aan over gehouden. En dat zijn me toch ook een stelletje. Een lange nacht in Langweer
bijvoorbeeld, met een race wie het snelst over de toiletdeur en weer terug kon. Piet, een beter
reismaatje kan je je niet wensen (in voor- en tegenspoed). Syrië was aan een stuk verbazing,
geweldigheid en extreem. In Zuid-Amerika liep het allemaal wat minder op momenten, maar
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dat kon allemaal ook wel gewoon. En daarnaast kan je ook nog eens een inhoudelijk gesprek
met je voeren. Eigenlijk ben je dus gewoon best wel even een fijne vent. Vincent, met jou
is het ook nooit moeilijk om een nachtje door te halen. Zoals toen die keer dat we op de
stoep zaten en de vuilniswagen al onze voorraad had opgezogen. Wat een drama, gelukkig
hebben we het zolang gerekt dat er nog een feestje kwam. En dan liften natuurlijk, werken
op Lowlands en met Piet op Dour. Nou ja, alleen het woord Dour laat me al glimlachen.

Rudy, mijn paranimf, mijn rots in de branding. Met de pipet in de hand ging ons
eerste gesprek over Marcus Miller. En ik geloof dat ik daarna gelijk begon met te klagen
over het leven en wat voor toestand ik nu weer terecht gekomen was. Ik ben daar nooit
mee opgehouden en gelukkig heb je altijd wel een of ander heerlijk nuchter antwoord terug,
waardoor ik meteen minder hoef te zweven. Naast dat, ben ik jou en Alinde ook gruwelijk
dankbaar dat ik zo royaal en zonder moeite altijd van jullie gastvrijheid gebruik kan maken.
- Alinde, tussen de regels door: nog bedankt voor die negen, dat was wel een goede motivator
om serieus iets uit mijn studie te gaan halen - En daarom ben je dus mijn paranimf, Rudy!
Daarnaast ken ik via jou een hoop andere vrienden. Hoewel ik tijdens mijn OIO-tijd pas
echt goed met jullie gaan hangen, kwam ik jullie in Groningen voor het eerst tegen: Gijs
(voor het gemak plak ik jou er hier bij), Hans, Iwe, Jasper en Vincent. Wat een ontzettend
mooie club lui zijn jullie. Al die prachtige momenten op Oerol, op feestjes in Polen en weet
ik veel waar. Gatverdamme, wat ranzig leuk. Ik hoop (en weet) dat er nog veel belachelijke
momenten gaan volgen. Want het moet echt nog wel erg veel harder!

Na Groningen ging ik weer terug naar Nijmegen om een researchmaster in cognitieve
neuroweternschappen te volgen. Maar na drie maanden kwam ik er toch achter dat ik liever
een pipet vasthou dan mensen aan fMRI of MEG/EEG blootstel. Hoewel het een hele goede
uitdaging was, aangezien het niveau veel en veel hoger lag dan bij de master medische biologie
die ik besloot tegelijkertijd te volgen (en ik heb er zeker veel geleerd over wetenschap), wist
ik wel meteen welke richting ik niet wilde gaan. Gelukkig kon ik bij de samenwerking tussen
Gerard en Peter aan de slag, dank voor de mogelijkheid: enriched environment, microarrays
en barrel cortex, onder begeleiding van Astrid. Wat een geweldige leerschool. Ik ben je nog
steeds heel dankbaar voor de manier waarop je mijn enthousiasme richting kon geven. Ik
denk dat we een heel goed team waren, getuige ook het mooie artikel.

En van Nijmegen ging het naar Berlijn, naar het lab van Constance, waar ik veel heb
geleerd. Dank Constance voor de zebravinken, FoxP2 en dopamine. Ook dan aan Kirill
en Ezequiel die me een introductie in-situ’s en immuno’s gegeven. Was erg nuttig voor dit
proefschrift.

Toen kwam mijn OIO-tijd. Ik weet nog dat ik via de site solliciteerde naar een OIO-
positie in de groep van Roger wat dus uiteindelijk heeft geleid tot dit proefschrift. Het eerste
contact was telefonisch en verliep van mijn kant ietwat moeizaam. Ik werd namelijk gewekt
uit een middagdutje, nam nietsvermoedend op met een slaperig ’Hallo?’ en hoorde: ’Met
Roger Adan, ik bel naar aanleiding van je sollicatie, bel ik ongelegen?’ (dus die slaap was
wel te horen, blijkbaar). Meteen klaarwakker natuurlijk en het is getuige dat ik dit schrijf
allemaal goed gekomen. Roger, zonder jou was me dit uiteraard nooit gelukt. Je hebt me
mijn fouten laten maken, me genoeg richting gegeven en blijkbaar genoeg vertrouwen in
een goede afloop gehad, waar ik soms wel aan twijfelde. Vooral toen ik dat me echt even
teveel werd, was je erg sterk. Je hebt me toen alle rust gegund en ik denk dat dat heeft
geresulteerd in een snel herstel. Daarnaast was die fles na dat akkefietje met mijn huisbaas
ook een heel fijn geschenk. Dan laat je namelijk zien dat de mens belangrijker is dan de
wetenschap. Daarnaast heb ik heel veel geleerd en ben ik ervan overtuigd dat dat genoeg is
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om in Italië een succesvolle post-doc te gaan doen, wat als je erover nadenkt behoorlijk wat
waard is. Dus heel veel dank voor je begeleiding.

Dan de analisten die veel werk voor me hebben verricht. Keith, Maaike, Mieneke en Rea.
Virussen, operaties en in situ’s. Jullie zijn stuk voor stuk fantastisch, maar vooral Mieneke
en Rea hebben heel veel voor dit proefschrift betekend. Dat had ik nooit zelf gekund en ere
wie ere toekomt, ik denk dat dat voor het merendeel van de OIO’s (in onze groep) geldt.
Zonder analisten geen wetenschap.

Op mijn mede-OIO’s kon altijd rekenen voor (wetenschappelijk) overleg - de nodige tips
en tricks - en dat waren er wat in die vier jaar tijd. Edwin, Esther, Frank, Linde, Marek,
Margriet, Marijke, Myrthe, Han, Rahul en Ruud. Dank jullie voor jullie hulp bij alles
waarvoor ik jullie nodig had. Uitleg bij een of andere methode waar ik (nog) niets van wist
of gewoon als de nodige klaagpaal als ik even moest ventileren. In het speciaal dank aan
Han en Linde voor hulp bij het Cav2-verhaal.

Niet te vergeten natuurlijk ook de post-docs: Geoffrey, Olivier en Ralph. Ook jullie
hebben me geleerd hoe je wetenschap beoefent, me wegwijs gemaakt in de beginselen van
de methoden en zelfs data voor een heel artikel aangeleverd, waarvoor dank.

Nog meer mensen hebben meegewerkt aan dit proefschrift en dan voornamelijk het Etv5
verhaal: Nivard, mijn student, bedankt voor je vele werk. José, bedankt voor het aanleveren
van weefsel en Susanne, bedankt voor kritisch nalezen van het manuscript. Ik heb natuurlijk
niet alleen met mensen van Roger in het Brain Center Rudolf Magnus gewerkt. Er waren er
veel en veel meer. Het gaat te ver om iedereen hier op te noemen, maar ik heb altijd genoten
van de (soms ietwat absurde) gesprekken aan de koffietafel, de dagjes uit en alle dingen die
er nog meer werden georganiseerd. Toch wil ik hier wel even wat namen noemen van mensen
die mijn tijd op de een of andere manier leerzaam, makkelijker en/of aangenaam hebben
gemaakt: Anup, Ewoud, Francesca, Geert, Harry, Henk, Hugo, Jesse, Koushik, Krista, Lars,
Leo, Louk, Marian, Marjolein, Peter, Ria, Saskia en Vicky, hardstikke bedankt (jullie weten
zelf waarvoor)!

Dan de mensen waarmee ik buiten het werk om het meest mee om ging (en waarvan
het merendeel - heel toevallig - ook met mij in de borrelcommissie zaten). Anne, ook wij
moeten nog steeds een keer goed naar een feestje, maar laten we ook nog maar rustig weer
een pils drinken. Kristel, ik ben heel benieuwd naar je spel(ontwikkelingen) en ga je scherpe
kijk op dingen missen. Roger, het roken en het biertjes drinken na het werk waren altijd
magistraal. Hoe diep wij op onbenullige zaken kunnen ingaan is wonderbaarlijk. Het spijt
me van je 3D-printer, ik hoop dat ’ie intussen gemaakt is. Ik vertrouw erop dat je gewoon
een keer naar Italië komt, want ik weet zeker dat je de aperitivo hier geweldig gaat vinden.

En dan als laatste Bart, mijn andere paranimf. Ja, als laatste, ja! Maar je verdient het,
aangezien jij nu het prototype van een goed mens bent (of zorgt Hannah daarvoor?). Je
staat voor me klaar als ik je nodig heb (zelfs midden in de nacht als ik naar het ziekenhuis
moet), ik kan feest met je vieren (o.a ITGWO, Oerol, Stekker), je introduceert me bij een
hele grote groep belachelijk toffe mensen (die allemaal stuk voor stuk heel getalenteerd en
erg aardig zijn) - wat een belachelijk idioot vette tijd was Oud en Nieuw - en andere leuke
dingen kan doen, ik kan met je discussieren over wetenschap en daarnaast ben je in de vier
jaar gewoon een hele goede vriend geworden. Dank voor dat alles.

En dan ben ik er nu geloof ik wel zo een beetje. Ik zit nu in mijn nieuwe huis dit allemaal
te typen en ben erg blij dat het allemaal gelukt is. Ik kijk gerust hard naar de toekomst,
dankzij jullie. Dankdankdank en nog een DANK! Jullie weten zelf: JULLIE ZIJN
GEWELDIG!
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