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Chapter I.
Introduction

Partly adapted from: The effect of obesogenic diets on brain Neuropeptide Y
Gumbs et al. (2016). Physiology and Behavior, 162, 161-173

Chapter I

Obesity: a role for environmental factors
Obesity is defined as a body mass index exceeding 30 kg/m2 and is characterized by excessive
white fat mass accumulation due to an imbalance in energy uptake (i.e. hyperphagia) and
energy expenditure (i.e. decreased metabolic rate and/or decreased voluntary energy
expenditure). Excessive adiposity is a severe risk factor for several adverse diseases such as
type ll diabetes mellitus, cardiovascular diseases, and several types of cancer (Bianchini,
Kaaks, & Vainio, 2002; Haslam & James, 2005; Meldrum, Morris, & Gambone, 2017;
Wannamethee & Shaper, 1999). Worldwide prevalence of obesity has nearly tripled over the
past 40 years, with 39% of adults being overweight and 13% obese in 2016, which has
increased personal and societal disease burden immensely, and thus warrants immediate
attention (Bluher, 2019; World Health Organization, 2019).
The rapid increase in obesity prevalence suggests that environmental factors, as
opposed to, but likely in combination with, (epi)genetic susceptibility, play a predominant
role in the recent increase in the prevalence of obesity (Pigeyre, Yazdi, Kaur, & Meyre, 2016;
Xia & Grant, 2013). Recognized environmental factors include a sedentary lifestyle and,
importantly, dietary changes such as the increased availability of highly palatable- and energy
dense foods, containing a high percentage of fat and sugar, and the occurrence of larger
portion sizes (Carden & Carr, 2013; Kant & Graubard, 2015; Malik et al., 2010; Piernas &
Popkin, 2011; Wright & Aronne, 2012). Freely available palatable foods are generally
overconsumed and can lead to altered feeding behaviors such as snacking and intake of larger
portion sizes, which may further increase caloric intake. In addition, consumption of these
palatable food items alter, and possibly disrupt, peripheral and central processes that
regulate energy balance.
Treatment options for obesity include initial (preventive) dietary and exercise
management strategies, and can be supplemented with (preventive) psychological,
pharmacological or surgical treatment options when the former strategies fail to lead to the
desired weight loss. However, most treatment options for obesity show limited (long-term)
effectiveness and often present adverse side effects (Lupoli et al., 2017; Pilitsi et al., 2019).
Research on the biological mechanisms regulating food intake as well as research into the
physiological changes induced by diet and obesity, is therefore necessary to optimize existing
treatments and to lead to new treatment options.

Neural circuitries related to food intake regulation
The regulation of energy homeostasis is highly complex and involves the integration of
internal and external signals. These signals are sensed and processed in the periphery and in
the brain to adjust energy metabolism and behavior via endocrine signals, the autonomic
nervous system and motor output (Berthoud, 2002; Broberger, 2005). This thesis focusses on
8
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the regulation of energy uptake at the level of the organism; i.e. food intake regulation,
which, in its most basic form, requires sensing of the metabolic status, processing and
integrating relevant information, and the mobilization of motivational and motor circuits,
which may lead to adaptive changes in food intake behavior. Many brain areas and brain
circuitries are involved in the regulation of feeding behavior. For clarity, and in accordance
with previous literature, this thesis will conceptualize two systems that are highly interactive
and interlinked as separate circuitries; a homeostatic system that pertains to the
maintenance of energy balance, and a reward system that pertains to the hedonic and
motivational aspects of feeding behavior (Berthoud, Munzberg, & Morrison, 2017; Broberger,
2005; Morton, Cummings, Baskin, Barsh, & Schwartz, 2006).

Figure 1. Schematic overview of the homeostatic system. Afferent input on energy status can reach
the hypothalamus and hindbrain via blood-borne signals or the cranial nerves (example of vagal
afferents in figure). Signals that reach the Arc are transferred to other hypothalamic regions, and to
the hindbrain. Information reaching the hindbrain directly can also be transmitted to the
hypothalamic regions (not drawn). For clarity, projections from the C1/A1 region and reciprocal
connections between the hypothalamic and hindbrain regions are not drawn (see text for details). Arc
= arcuate nucleus of the hypothalamus, AP = area postrema, C1/A1 = catecholaminergic cell groups in
the ventrolateral medulla of the hindbrain, DMX = dorsal motor nucleus of the vagus, LHA = lateral
hypothalamic area, NTS = nucleus of the solitary tract, PVN = paraventricular nucleus of the
hypothalamus. Adapted with permission from (Morton, Cummings, Baskin, Barsh, & Schwartz, 2006).

Brain circuitries related to homeostatic regulation of food intake
Homeostatic circuitries of food intake regulation adaptively adjust feeding behavior to meet
the biological needs of the animal. These circuitries originate in the hypothalamus and
hindbrain (see Figure 1), which are historically recognized as key regulators of several
9
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homeostatic processes. Information on the metabolic status of the organism can be sensed by
several hypothalamic and hindbrain regions along the third and fourth ventricles that have a
relatively penetrable blood-brain-barrier (Broadwell & Brightman, 1976; Ciofi, 2011;
Rodriguez, Blazquez, & Guerra, 2010). Receptors and transporters relevant for detecting
signals of hunger (i.e. the stomach-derived ghrelin), satiety (e.g. pancreas-derived insulin, or
other gastrointestinal-derived signals, such as cholecystokinin), and adiposity (i.e. adipose
tissue-derived leptin), but also changes in nutrients levels (i.e. free fatty acids, glucose, and
amino acids) are highly expressed in these areas (Anthony & Gietzen, 2013; Elmquist,
Bjorbaek, Ahima, Flier, & Saper, 1998; Havrankova, Roth, & Brownstein, 1978; Leloup et al.,
1994; Sarruf et al., 2009; Zigman, Jones, Lee, Saper, & Elmquist, 2006). In addition, neural
information can be relayed to the hindbrain from organs of the gastro-intestinal tract via
primary visceral afferents in the cranial nerves (i.e. the trigeminal [V], facial [VII],
glossopharyngeal [IX], and vagus [X] nerves). There are thus interacting descending (from the
hypothalamus to the hindbrain) and ascending (from the hindbrain to the hypothalamus)
information streams that process information that is important for the regulation of food
intake.
Descending information stream: Hypothalamic circuitries involved in food intake regulation
The hypothalamus can be grossly categorized into periventricular, medial and lateral regions
based on their function (Berthoud, 2002). The periventricular region, which includes the
arcuate nucleus (Arc) and paraventricular nucleus (PVN) of the hypothalamus, mainly detects
blood-borne signals and controls autonomic and endocrine responses. The Arc and PVN are
connected with other hypothalamic and extrahypothalamic regions via efferent and afferent
neural projections. The medial region includes several nuclei such as the dorsomedial (DMH)
and ventromedial (VMH) hypothalamic nuclei. These regions receive different kinds of
sensory inputs, are extensively connected with other regions of the hypothalamus, and are
more involved in regulating adaptive behaviors. The lateral region is less well defined; it is
comprised of the lateral hypothalamic area (LHA) and several of its divisions. This region has
extensive hypothalamic and extrahypothalamic connections and is therefore optimally
located to process and relay information regarding energy homeostasis as well as reward
(Berthoud & Munzberg, 2011). Although this broad organization of the hypothalamic regions
captures the general functional organization, it is important to note that these divisions do
not capture the complexity and nuances in the neuroanatomical connections of these regions.
The Arc, PVN, and LHA are most relevant to the studies performed in this thesis and are
therefore elaborated on.
The Arc resides closest to the partial blood-brain barrier and is the major
hypothalamic hub for integrating energy-status relevant information, and relaying this to
hypothalamic and extrahypothalamic regions (Chronwall, 1985; L. Zhang, Hernandez-Sanchez,
10
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& Herzog, 2019). Two principal Arc neuronal populations regulate food intake in an opposite
manner: anorexigenic pro-opiomelanocortin-cocaine-and-amphetamine-related transcript
(POMC/CART) neurons and orexigenic Neuropeptide Y/Agouti-related protein (NPY/AgRP)
neurons (Kageyama et al., 2012; Q. Wei et al., 2018). Both neuronal groups are sensitive to
peripheral signals and project to hypothalamic and extrahypothalamic structures to influence
second order neurons and ultimately influence behavior (R. D. Cone, 2005; Kohno & Yada,
2012; D. Wang et al., 2015). POMC and AgRP both regulate food intake via melanocortin
receptors 3 and 4. These receptors are found abundantly in hypothalamic regions, but also
throughout the brain, and a exert tonic inhibition of feeding (Adan, Cone, Burbach, & Gispen,
1994; Fan, Boston, Kesterson, Hruby, & Cone, 1997; Mountjoy, Mortrud, Low, Simerly, &
Cone, 1994). The POMC cleavage products α- and β-melanocyte stimulating hormone (MSH)
lead to a long-lasting reduction in food intake and body weight, and an increase in energy
expenditure via the melanocortin receptors 3 and 4, whereas AgRP reduces these effects by
signaling as an inverse agonist at these receptors (Fan et al., 1997; Nijenhuis, Oosterom, &
Adan, 2001; Ollmann et al., 1997; M. Rossi et al., 1998). Acute changes in food intake are
regulated via the second output pathway, which signals via NPY receptors (NPYR). NPYR are
also found within the hypothalamus and throughout the brain (R. M. Parker & Herzog, 1999).
Arc NPY effector pathways include the Arc POMC neurons (Cowley et al., 2001; GhamariLangroudi, Colmers, & Cone, 2005; Roseberry, Liu, Jackson, Cai, & Friedman, 2004), and
extensive projections to hypothalamic regions such as the PVN and LHA. However, they also
include less extensive projections to the VMH and DMH, as well as to extrahypothalamic brain
regions including areas in the forebrain, the midbrain and the hindbrain (Bai et al., 1985; Elias
et al., 1998; D. Wang et al., 2015).
The PVN contains a variety of neurons that play a role in the regulation of energy
balance, but the neuron types that regulate feeding are not completely characterized yet.
Among the neuronal types are oxytocin-, vasopressin-, corticotrophin-releasing hormone- and
thyrotropin-releasing hormone-expressing neurons (Sutton, Myers, & Olson, 2016). PVN
neurons express melanocortin receptor subtypes 3 and 4, as well as several of the NPYR
subtypes onto which the NPY/AgRP and POMC/CART neurons from the Arc synapse. Apart
from the Arc projections, the PVN also receives information that is relevant for food intake
regulation from the hindbrain (Guevara-Aguilar, Jimenez-Montufar, Garcia-Diaz, Wayner, &
Armstrong, 1988). From the PVN, information is relayed as endocrine and autonomic output
via the different hypothalamic pituitary axes (connecting the anterior pituitary gland with the
thyroid gland [HPT-axis], the adrenal glands [HPA-axis] or the gonads [HPG-axis] via releasing
factors), and via autonomic projections to regions in the hindbrain and spinal cord that are
involved in the regulation of satiety (M. M. Li et al., 2019; Sawchenko & Swanson, 1982;
Sutton et al., 2016). These regions include the nucleus of the solitary tract, the parabrachial
nucleus and the dorsal motor nucleus of the vagus, as well as the spinal intermediolateral
11
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nucleus. Of the different hypothalamic structures, the PVN is the major output structure to
the hindbrain in the control of feeding (Sawchenko & Swanson, 1982).
The LHA is the most extensively connected area of the hypothalamus, having
reciprocal connections with a plethora of brain regions involved in endocrine and autonomic
processes, visceral sensory processes, and reward processes, as well as cognitive, emotive,
and arousal processes (Berthoud, 2002; Berthoud & Munzberg, 2011). The LHA is thus
connected with hypothalamic, midbrain, and hindbrain regions, but also with limbic and
cortical regions. The LHA thus receives a wide variety of information and has access to the
three major output systems of the brain. Several well-studied neuronal populations that
affect feeding when activated reside in the LHA, including the orexin/hypocretin and melaninconcentrating hormone populations (Berthoud & Munzberg, 2011). These populations project
to brain regions involved in the hedonic processes of food intake regulation such as the
ventral tegmental area and the nucleus accumbens, and affect food-related motivation or
hedonic processing (Phillipson, 1979; Qualls-Creekmore & Munzberg, 2018; Tyree & de Lecea,
2017).
Ascending information stream: Hindbrain circuitries involved in food intake regulation
The hindbrain also has specialized areas that can sense blood-borne factors related to
energetic status, and receives neural information from other regions including many of the
hypothalamic nuclei (Berthoud, 2002; Grill & Hayes, 2012; Schneeberger, Gomis, & Claret,
2014). In addition, the hindbrain receives direct feeding-related information from the
alimentary canal through mechano- and chemoreceptors that signal via the primary visceral
afferents in the trigeminal (V), facial (VII), glossopharyngeal (IX), and vagus nerves (X), which
mostly synapse directly in the nucleus of the solitary tract (Berthoud, 2002; Garcia-Diaz,
Jimenez-Montufar, Guevara-Aguilar, Wayner, & Armstrong, 1988; Grill & Hayes, 2012).
Importantly, the hindbrain contains the motor output nuclei, through which all neural signals
have to be processed in order to produce or adjust behavior (Grill & Hayes, 2012). The
hindbrain circuitries are elaborate, for purpose of this thesis only a general overview will be
provided here.
The dorsal vagal complex (DVC) is comprised of the nucleus of the solitary tract
(NTS), the area postrema (AP) and the dorsal motor nucleus of the vagus (DMX). The NTS is
one of the most important hindbrain regions involved in the regulation feeding, which
receives multiple inputs that are important for the regulation of food intake. Apart from
cranial nerve input, it is located close to the AP, which lies next to the fourth ventricle and
lacks a tight blood-brain-barrier. In addition, the NTS receives descending information from
the hypothalamus such as the PVN (Guevara-Aguilar et al., 1988). This information is
processed in the NTS and distributed via ascending projections to other hindbrain, forebrain,
hypothalamic and cortical brain regions to regulate food intake (Halsell, Travers, & Travers,
12
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1996; Riche, De Pommery, & Menetrey, 1990; Rinaman, 2010). In addition, the information
can be directly relayed via descending projections to modulate the autonomic nervous
system, e.g. via the sympathetic preganglionic neurons in the intermediolateral nucleus in the
spinal cord, or to motor nuclei, such as the DMX that innervates several visceral structures to
mediate vagal reflexes (Grill & Hayes, 2012).
Apart from nuclei that are distinguishable by gross anatomy, the hindbrain also
contains several of the catecholaminergic systems, which are categorized into subnuclei that
are distributed over different anatomical nuclei. The ascending noradrenergic and adrenergic
projections arise from the NTS, parts of the reticular formation, and the locus coeruleus, and
project heavily throughout the brain, ascending to regions of the hypothalamus, and
descending to the spinal cord to provide behavioral output via the reticulospinal tract
(Paxinos & Watson, 2007; Sawchenko & Swanson, 1982). The catecholaminergic systems are
involved in the regulation of multiple processes including those related to food intake.
Particularly, the C1/A1 catecholaminergic group in the ventrolateral medulla is important for
coordinating physiological and feeding responses in response to physiological challenges
(Ritter, Li, Wang, & Dinh, 2011), and the involvement of the C1/A1 -> PVN projection in
mediating the feeding response to glucoprivation has been researched intensively (A. J. Li &
Ritter, 2004; A. J. Li, Wang, Dinh, & Ritter, 2009; Rinaman, 2003; Ritter, Bugarith, & Dinh,
2001).
Reward circuitries involved in food intake regulation
The reward circuitries of the brain mediate the hedonic and motivational aspects of feeding
behavior. Hedonic aspects of food intake can arise from pleasant sensory factors and
contribute to the palatability of a food, whereas the motivational aspects of food intake
relate to the willingness of an organism to work for food. The direct hedonic value of food is
also called ‘liking’, whereas ‘wanting’ relates to the motivational aspects of food intake
(Berridge & Robinson, 2016).
The mesolimbic dopamine circuitry is the most studied circuitry related to foodmotivated behavior. This circuitry consists of the dopamine neurons in the ventral tegmental
area (VTA) that project to the nucleus accumbens (NAc), as well as to other corticolimbic
structures (see figure 2; [Morton et al., 2006]). The VTA receives input from many brain
regions including hindbrain regions involved in visceral sensory processing, and hypothalamic
regions, particularly the LHA (Geisler & Zahm, 2005; Meye & Adan, 2014; Watabe-Uchida,
Zhu, Ogawa, Vamanrao, & Uchida, 2012; Yetnikoff, Lavezzi, Reichard, & Zahm, 2014). The
mesolimbic VTA->NAc projection is implicated in mediating the motivational aspects of
feeding behavior (Baik, 2013b; Hernandez & Hoebel, 1988; Liang, Hajnal, & Norgren, 2006;
Martel & Fantino, 1996). Indeed, altering dopamine transmission specifically alters the
motivation to work for food (i.e. ‘wanting’; [Aberman, Ward, & Salamone, 1998; Boekhoudt
13
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et al., 2017; Boekhoudt et al., 2018; Randall et al., 2012; Salamone & Correa, 2012; Treit &
Berridge, 1990]). The effects of dopamine are mediated through five dopamine receptor
subtypes (Baik, 2013b). The NAc has a high expression of the dopamine receptor 1 (DRD 1) and
dopamine receptor 2 (DRD2), which are mainly expressed on separate GABAergic medium
spiny neurons (Meredith, Baldo, Andrezjewski, & Kelley, 2008). Diet composition,
dysregulated feeding and obesity are associated with alterations in the dopamine circuitry,
and particularly with changes in NAc DRD2 signaling (Baik, 2013a; P. M. Johnson & Kenny,
2010; Kenny, 2011b; Soares-Cunha, Coimbra, David-Pereira, et al., 2016; van Galen, Ter Horst,
Booij, la Fleur, & Serlie, 2018; Volkow, Wang, & Baler, 2011; G. J. Wang et al., 2001).

Figure 2. Schematic overview of the principal reward system. Neurons in the VTA of the midbrain
project to forebrain areas, such as the NAc, striatum and cortex to process hedonic and motivational
aspects of feeding behavior. Especially the VTA->NAc projection is important for dopaminergic
signaling of reward (blue regions = mesolimbic dopamine system). Not all regions implicated in reward
processing are drawn for clarity. In addition, input to the VTA from homeostatic regions, such as
hindbrain or hypothalamic regions are not drawn for clarity. See text for details. LHA = lateral
hypothalamic area, NAc = nucleus accumbens, VTA = ventral tegmental area. Adapted with permission
from (Morton et al., 2006).

The opioid reward system consists of the opioid peptides enkephalin, dynorphin, and ßendorphin, signaling through the mu-, delta- and kappa-opioid receptor subtypes, which are
expressed throughout the brain (Le Merrer, Becker, Befort, & Kieffer, 2009). Within the NAc,
opioid-expressing medium spiny neurons consist of separate populations that either express
enkephalin (mainly co-expressing the DRD2), or dynorphin (mainly co-expressing the DRD1)
and project to the basal ganglia to coordinate voluntary motor movements (Gerfen et al.,
1990; Kreitzer, 2009). Opioid neurotransmission, and in particular enkephalin/mu-opioid
receptor signaling in the NAc, is important for processing hedonic properties, i.e. ‘liking’, of
food. For example, NAc mu-opioid receptor stimulation specifically leads to increased intake
14
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of fat, a palatable food item, via direct and indirect projections to the LHA (Higgs & Cooper,
1998; Kelley, Will, Steininger, Zhang, & Haber, 2003; Pecina & Berridge, 2000; M. Zhang,
Gosnell, & Kelley, 1998). In addition, palatable diet consumption can specifically influence
enkephalin expression in the NAc (Kelley et al., 2003).
Interactions between the homeostatic and reward circuitries
Though often conceptualized as separate systems, it is increasingly recognized that the
homeostatic and reward circuitries interact in the coordination of feeding behavior
(Berthoud, Munzberg, & Morrison, 2017; Ferrario et al., 2016). Anatomical substrates for the
interactions between these systems include the presence of receptors for nutrients and
hormones related to energy status in reward-related regions (Abizaid et al., 2006; Batch et al.,
1992; Figlewicz, Evans, Murphy, Hoen, & Baskin, 2003; Krugel, 2003; Werther et al., 1987;
Zigman et al., 2006), as well as the presence of receptors for neurotransmitters or neuromodulators that signal from homeostatic circuitries such as orexin receptors or Neuropeptide
Y receptors (Liu & Borgland, 2015; Quarta & Smolders, 2014). In addition, though generally
sparse, there are (reciprocal) neuronal projections between areas of the homeostatic systems
and the VTA or NAc with the largest input from the hypothalamus to the VTA coming from the
LHA (Meye & Adan, 2014; M. A. Rossi & Stuber, 2018; Watabe-Uchida et al., 2012).

Neuropeptide Y
Homeostatic and reward-related roles in food intake regulation
Neuropeptide Y (NPY) is a small 36 amino-acid peptide that is expressed throughout the body
and nervous system (Allen et al., 1983; Chronwall et al., 1985; de Quidt & Emson, 1986a;
Tatemoto, 1982). NPY plays a role in a wide range of physiological functions, including food
intake and energy homeostasis, by signaling through several NPY receptor subtypes (NPYRs).
The NPYRs constitute a multi-ligand/multi-receptor system with overlapping ligand binding
properties (Table 1; (Blomqvist & Herzog, 1997). Rats and humans express the Gi/o-coupled
NPY1R, NPY2R, NPY4R and NPY5R, and mice additionally express a functional NPY6R
(Blomqvist & Herzog, 1997; Iyengar, Li, & Simmons, 1999; Michel, 1991; Michel et al., 1998).
The NPY1R and NPY5R mediate the orexigenic effects of NPY, whereas NPY2R activation is
anorexigenic, and NPY4R activation is orexigenic or anorexigenic depending on the brain
region examined (Loh, Herzog, & Shi, 2015; MacNeil, 2007; Marsh, Hollopeter, Kafer, &
Palmiter, 1998; Pedrazzini et al., 1998). The NPY1R and NPY5R are functionally linked as they
are both required to mediate the orexigenic effect of NPY and their expression is regulated by
the same gene promotor region (Mashiko et al., 2009; Nguyen et al., 2012).

15
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Table 1. Neuropeptide Y receptor binding affinities.
Receptor subtype

High affinity ligands [≤ 10-9 M]

Low affinity ligand [≥ 10-6 M]

NPY1R
NPY2R
NPY4R
NPY5R

NPY, PYY
NPY, PYY
PYY*, NPY*, PP*
NPY, PYY

PP
PP
PP* [10-7 – 10 -8 M]

NPY = Neuropeptide Y, NPYR = Neuropeptide Y receptor subtype, PP = pancreatic polypeptide
(secreted by the islets of Langerhans in the pancreas after fasting), PYY = peptide YY (primarily
released from cells of the ileum and colon after feeding). The affinity of ligands for a specific receptor
can be affected by several assay-related factors, which is seen with ligands denoted with an asterisk
(Blomqvist & Herzog, 1997). Note: In this thesis, 1 μg NPY/ 3 μL saline [235 pmol; 78 μM] is used for
intraventricular cerebral infusion studies, and 0.3 μg NPY / 0.3 μL saline [71 pmol; 235 μM] or 0.6 μg
NPY / 0.3 μL saline [142 pmol; 470 μM] for region-specific infusion studies.

NPY infusion into the ventricles increases food intake, which was subsequently localized to
the hypothalamus (Stanley, Chin, & Leibowitz, 1985). The most prominent NPY neuronal
population involved in the regulation of food intake resides in the arcuate nucleus of the
hypothalamus (Arc; (L. Zhang et al., 2019). Arc NPY levels are modulated by hormonal and
metabolic signals, and fluctuate with the energy status of an animal (Clark, Kalra, & Kalra,
1985; Kask, Rago, & Harro, 1998; Kohno & Yada, 2012; Sahu, Kalra, & Kalra, 1988; Stanley,
Chin, et al., 1985; White & Kershaw, 1990). As mentioned above (section Descending
information stream), the Arc NPY neurons project to several hypothalamic and
extrahypothalamic regions to affect food intake and food intake-related behaviors. Especially
the Arc->PVN projection is important in the regulation of feeding behavior, as illustrated by
the fluctuations of PVN NPY output with energetic state, and the orexigenic effect of local
infusion or overexpression of Npy in the PVN (Dube, Sahu, Kalra, & Kalra, 1992; S. P. Kalra,
Dube, Sahu, Phelps, & Kalra, 1991; Sahu et al., 1988; Tiesjema, Adan, Luijendijk, Kalsbeek, & la
Fleur, 2007; Tiesjema, la Fleur, Luijendijk, & Adan, 2009). Activation of the NPY system in the
LHA by local NPY infusion or Npy overexpression also leads to increased food intake (Stanley,
Magdalin, Seirafi, Thomas, & Leibowitz, 1993; Tiesjema et al., 2007).
Apart from effects in the hypothalamus, NPY signaling in regions of the reward system
are also capable of modulating feeding behavior (Liu & Borgland, 2015; Quarta & Smolders,
2014). NPY stimulates the motivation to obtain food, in particular after infusion into the VTA
or NAc (Flood & Morley, 1991; Jewett, Cleary, Levine, Schaal, & Thompson, 1995; Pandit,
Luijendijk, Vanderschuren, la Fleur, & Adan, 2014a). For example, intra-VTA NPY increases the
motivation to obtain sucrose pellets (Pandit et al., 2014a), and intra-NAc NPY infusion
increases the motivation to obtain sucrose pellets, elicits a conditioned place preference, and
also increases free-feeding of sucrose pellets (C. M. Brown, Coscina, & Fletcher, 2000;
16
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Josselyn & Beninger, 1993; Pandit et al., 2014a). Furthermore, NAc infusion of NPY does not
increase free-feeding of chow, suggesting a role for palatability in this effect (C. M. Brown et
al., 2000). Accordingly, NPY interacts directly with components of the mesolimbic dopamine
system by modulating neurotransmission of VTA dopamine neurons and by increasing NAc
dopamine concentrations (Korotkova, Brown, Sergeeva, Ponomarenko, & Haas, 2006; Quarta,
Leslie, Carletti, Valerio, & Caberlotto, 2011; Sorensen et al., 2009; K. S. West & Roseberry,
2017).
Neuropeptide Y, dietary composition and choice
The orexigenic effects of NPY are modulated by prior dietary preference, dietary intake,
and/or the availability of dietary choice options. In the PVN, NPY is associated with
carbohydrate intake, but also with fat intake. Intra-PVN NPY infusion specifically increases
carbohydrate intake when rats are allowed to choose between different pure macronutrient
options, as well as when they have a choice between chow (containing protein and high levels
of complex carbohydrates) and a 10% sucrose solution (Giraudo, Grace, Billington, & Levine,
1999; Smith, Berthoud, York, & Bray, 1997; Stanley, Daniel, Chin, & Leibowitz, 1985; J. Wang,
Dourmashkin, Yun, & Leibowitz, 1999). In addition, NPY peptide levels in the PVN are
increased in animals that are fed a high-carbohydrate diet compared to a low-carbohydrate
high-fat diet, or in animals with a high baseline preference for carbohydrates (Beck, StrickerKrongrad, Burlet, Cumin, & Burlet, 2001; J. Wang et al., 1999). In animals that had a high
baseline intake of fat, intra-PVN infusion increased both carbohydrate and fat intake (Smith et
al., 1997). Though less well-studied for the LHA and areas of the reward system, it has been
shown that intra-LHA or intra-NAc NPY infusion increases the intake of sucrose pellets when it
is the only option available (Pandit et al., 2014a). Intra-LHA NPY can also increase chow intake
when it is the only option, as opposed to the NAc, where NPY infusion does not increase chow
intake when it is the only option available (C. M. Brown et al., 2000; Stanley et al., 1993).
Together, this suggests that the effect of NPY on food intake not only depends on prior
dietary intake or choice options, but also on brain region-specific NPY signaling.

Neuropeptide Y dysregulation in obesity and particularly in free-choice high-fat high-sucrosefed rats
Based on NPY’s role in homeostatic and reward-related feeding behavior, and the reciprocal
interactions of NPY and dietary composition, NPY may play an important role in the
development of obesity. Indeed, it has been shown that chronic intracerebral NPY infusion or
(hypothalamic) Npy overexpression leads to increased intake, body weight and fat
percentage, whereas knockout of Npy decreases the susceptibility to develop diet-induced
obesity (Beck, Stricker-Krongrad, Nicolas, & Burlet, 1992; E. J. Lin et al., 2006; H. R. Patel et al.,
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2006; Stanley, Kyrkouli, Lampert, & Leibowitz, 1986; Tiesjema et al., 2007; Tiesjema et al.,
2009).
The rapid increase in obesity prevalence suggests that environmental factors such as
diet play an important role (see section Obesity: a role for environmental factors). In addition,
freely available palatable foods are generally overconsumed and can lead to altered feeding
behaviors such as snacking and larger portion sizes, which may further increase caloric intake.
Animal models of diet-induced obesity should therefore allow an assortment of freely
available foods and should elicit hyperphagic feeding behavior shown as an increase in
snacking behavior and/or larger portion sizes. In contrast, a large body of studies modelling
diet-induced obesity employ single-option pelleted diets in which chow pellets are fabricated
that contain high percentages of fat and/or sugar. Though these diets often result in
behavioral and physiological changes that mimic human obesity (Buettner et al., 2006; Hariri
& Thibault, 2010; Panchal & Brown, 2011), they lack several important factors of the modern
dietary environment such as choice options and variation in the sensory properties of the
foods. Importantly, the addition of palatable choice options has been shown to persistently
elicit hyperphagia as opposed to an initial transient period of hyperphagia as is seen with
pelleted obesogenic diets (la Fleur, Luijendijk, van der Zwaal, Brans, & Adan, 2014). In this
thesis, diet-induced obesity is therefore modeled by presenting the free-choice high-fat highsucrose (fcHFHS) diet to male Wistar rats.
The fcHFHS diet consists of ad libitum access to chow (standard rat food containing
mostly complex carbohydrates, essential levels of protein, a low percentage of fat, fiber, and
essential nutritional additives such as minerals and vitamins), fat (a dish of mainly saturated
fats), a 30 % sucrose water solution, and water (la Fleur et al., 2007). Consumption of the
fcHFHS diet leads to behavioral changes that mimic those found in human obesity such as
sustained hyperphagia and increased motivation even when sated (Giesen, Havermans,
Douven, Tekelenburg, & Jansen, 2010; la Fleur et al., 2014; la Fleur et al., 2007). It also leads
to physiological changes that are associated with human obesity, such as increased white
adipose tissue, increased plasma insulin and leptin levels as well as glucose intolerance,
decreased insulin sensitivity, and decreased peripheral leptin sensitivity compared to rats that
have access to a control diet, consisting of ad libitum access to chow and tap water (la Fleur
et al., 2014; la Fleur, Luijendijk, van Rozen, Kalsbeek, & Adan, 2011; la Fleur et al., 2007;
Slomp et al., 2019; van den Heuvel, Eggels, van Rozen, et al., 2014). Importantly, allowing
access to a free-choice high-sucrose (fcHS) or a free-choice high-fat (fcHF) diet with access to
chow, tap water and either a 30 % sucrose solution or saturated fat respectively, also led to
initial increases in intake, but these diets did not lead to persistent hyperphagia (la Fleur et
al., 2014; la Fleur et al., 2011; la Fleur, van Rozen, Luijendijk, Groeneweg, & Adan, 2010; van
den Heuvel, Eggels, van Rozen, et al., 2014). This indicates that the interaction between the
effects of sucrose and fat intake are important for eliciting persistent hyperphagia.
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Interestingly, changes were found in the central nervous system that may explain the
persistent hyperphagia seen in animals on a fcHFHS diet. Rats on a fcHFHS diet showed
increased Npy mRNA in the Arc after one week of diet consumption, whereas animals on a
fcHS, a fcHF or a CHOW control diet did not (la Fleur et al., 2010). In addition, after four weeks
of diet consumption, Arc Npy mRNA was normalized in fcHFHS-fed rats, but the orexigenic
effects of intraventricular NPY infusion were greater in fcHFHS-fed rats compared to fcHS-,
fcHF- or CHOW-fed rats (van den Heuvel, Eggels, van Rozen, et al., 2014). This suggests that
the NPY brain circuitry is more sensitive to NPY release to elicit feeding. However, the regionspecific functions of the NPY circuitry in regulating feeding and food-motivated behaviors are
not fully elucidated. Also, the changes that underlie increased cerebral NPY sensitivity in rats
that consume a fcHFHS diet are not known.

(Dys)regulations of reward circuitries by homeostatic processes
Dopamine and opioid regulation during fasting
As mentioned above (see section Interactions between the homeostatic and reward
circuitries), it is increasingly recognized that the homeostatic- and reward circuitries interact
in the coordination of feeding behavior via receptors for nutrients and hormones as well as
via neuronal projections. Fasting and chronic food deprivation are well-known methods to
increase hunger as well as food reward-related behaviors (K. D. Carr, 2007; Jewett et al.,
1995). Fasting increases the motivation for food in a manner that scales with the duration of
the food deprivation (Hanlon, Baldo, Sadeghian, & Kelley, 2004; Jewett et al., 1995; Scheggi,
Secci, Marchese, De Montis, & Gambarana, 2013), and leads to temporary hyperphagia or
bingeing of calorie-rich foods (D. R. Brown & Holtzman, 1979; Smith et al., 1997; Will,
Franzblau, & Kelley, 2003). Dopamine and opioid signaling may play a role in mediating these
fasting-induced behaviors. However, only a few studies have studied the reward system after
acute food deprivation, instead focusing on the effects of chronic food deprivation.
Nevertheless, insight into how acute fasting changes dopamine and opioid signaling can
indicate starting points where physiological perturbations of energy homeostasis can lead to
long-term changes or (mal)adaptations in dopamine or opioid signaling. Many of the factors
that can affect both homeostatic and reward-related behaviors signal via G-protein-coupled
receptors, including ghrelin and Neuropeptide Y. Therefore, one of the mechanisms through
which fasting can affect dopamine and opioid signaling is through changes in gene expression.
Diet-induced dysregulation of dopamine receptor subtype 2/3
In addition, diet composition, dysregulated feeding and obesity are associated with changes
specifically in NAc DRD2/3 signaling (Baik, 2013a; P. M. Johnson & Kenny, 2010; Kenny, 2011b;
Soares-Cunha, Coimbra, David-Pereira, et al., 2016; van Galen et al., 2018; Volkow et al.,
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2011; G. J. Wang et al., 2001). However, the underlying causes leading to alterations in
dopamine receptor levels have not been elucidated as of yet. In our fcHFHS-model, rats show
decreased DRD2/3 availability in the NAc (van de Giessen et al., 2013). Interestingly, this
depends on the composition of the diet, as only rats that eat relatively high levels of fat show
decreased NAc DRD2/3 binding levels (van de Giessen, la Fleur, de Bruin, van den Brink, &
Booij, 2012; van de Giessen et al., 2013). This suggests that dietary fat intake plays an
important role in the development of alterations in DRD2/3 signaling. However, difficulties in
measuring the DRD2/3 have precluded studying the effects of diet on DRD2/3 levels over time.

Outline and aim of this thesis
In this thesis, disruption of the NPY system in diet-induced obesity, the role of central NPY in
dietary selection, and the anatomical organization of the NPY neural circuitry was
investigated. In chapter II, I reviewed the literature on the effects of obesogenic diet
consumption on NPY levels in different brain regions. Changes in the NPY system of the
arcuate nucleus (Arc) of the hypothalamus appeared to be related to diet-induced obesity in
animals consuming a fcHFHS diet. However, only NPY levels were assessed, leaving out
potential changes in the NPY receptors. In addition, the results indicated sufficient rationale
to investigate the NPY system in areas outside of the hypothalamus, in particular the rewardrelated system. In chapter III, the effects of prolonged consumption of a fcHFHS diet on the
NPY system in the hypothalamus and regions of the reward-related system were investigated.
In addition, chapter IV addresses the question if the effect of an acute fast, which increases
Arc NPY levels, also affects NPY-related gene expression in brain regions of the rewardrelated system.
In view of the stimulating effects of NPY on food intake and the changes in the NPY
system in animals consuming the fcHFHS diet, the following chapters investigated how NPY
infusion in specific brain regions affects food intake. The effects of an NPY infusion in the
nucleus accumbens of the reward circuit was investigated (chapter V), as well as of an NPY
infusion in the lateral hypothalamic area (LHA; chapter VI), a brain region where NPY is
known to stimulate intake in animals consuming a standard chow diet. In both chapters, it
was also determined which NPY receptors mediate the effects on food intake. The effects of
NPY infusions in the LHA suggested that the effect of NPY on food intake depend on the basal
intake pattern of the rats. Therefore, chapter VII investigated if the effects of NPY infusion in
the LHA were affected by dietary intake and preference by infusing NPY into the LHA in rats
exposed to different choice diets.
Despite the clear evidence that NPY signaling in the reward-related brain regions is of
importance in the regulation of feeding and motivation, the origin of NPY in these brain
regions was unknown. Chapter V therefore also investigated forebrain NPY projections to the
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nucleus accumbens. In chapter VIII, I systematically determined from which brain structures
NPY projects to the ventral tegmental area.
Lastly, the previous chapters showed that diet can change the functionality of the
central NPY system and that the reward-related brain regions may play an important role in
mediating these changes. Chapters IX and X investigated whether physiological perturbations
can change the reward system. Chapter IX describes the effect of fasting on gene expression
in the dopamine and opioid systems, and chapter X further investigated if consumption of a
fcHFHS diet can disrupt the dopamine system in the nucleus accumbens. In addition, chapter
X explores the use of a relatively non-invasive method to determine DRD2/3 levels over time.
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Abstract
Obesity is a major health problem characterized by accumulated fat mass. The availability of
an energy dense, highly palatable diet plays an important role in obesity development.
Neuropeptide Y (NPY) is an orexigenic peptide. Brain NPY is affected by dietary composition,
but NPY can also affect dietary preference. The hypothalamic NPY system is well
characterized and has been studied in several models of obesity. However, findings from
models of diet-induced obesity are not straightforward. In addition, NPY plays a role in
(food)motivated behaviors, possibly by interacting with the mesolimbic dopamine system,
both of which are altered in obesity. We here review the effect of obesogenic diet
consumption on NPY levels in the hypothalamus and reward-related regions.
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Introduction
Obesity, which is characterized by excessive fat mass accumulation, has been a rising problem
for the past several decades (Stevens et al., 2012). Although genetic factors contribute to
obesity development (Rankinen et al., 2006), the rapid increase in obesity prevalence
suggests that environment also plays a significant role (Wright & Aronne, 2012). Important
factors in obesity development include: a sedentary lifestyle, increased availability of highly
palatable, energy dense foods, containing high percentages of fat and sugar (Carden & Carr,
2013; Malik et al., 2010; Popkin & Nielsen, 2003), larger portion sizes (Piernas & Popkin,
2011), and snacking behavior (Higgins, 2014; Kant & Graubard, 2015).
The brain plays a prominent role in food intake regulation where homeostatic and reward
circuitries are involved in different aspects of food intake behavior (Shin, Zheng, & Berthoud,
2009; H. Zheng & Berthoud, 2007). The homeostatic system is comprised of the
hypothalamus and brainstem, which function as sensors of the energy status of the internal
environment and generate effectors of energy balance through autonomic and endocrine
outflow (McMinn, Baskin, & Schwartz, 2000; G. J. Schwartz, 2000). The reward circuitry
includes the mesocorticolimbic areas and, among others, the mesolimbic dopaminergic
system (Berridge, 2007; Pecina, Cagniard, Berridge, Aldridge, & Zhuang, 2003), which
responds to and regulates (palatable) food intake (Lenard & Berthoud, 2008; Morton et al.,
2006). Hyperphagia is thought to arise from dysregulation of hedonic processes (i.e. the
motivation to work for food and the rewarding effects of highly palatable food) that drive
food intake beyond homeostatic need (Kenny, 2011a, 2011b; Volkow et al., 2011; H. Zheng,
Lenard, Shin, & Berthoud, 2009).
Neuropeptide Y (NPY) is one of the neuropeptides that potently increases food intake,
is expressed in the homeostatic and hedonic systems, and is affected in obesity (Allen et al.,
1983; Chronwall et al., 1985; de Quidt & Emson, 1986a; Pelletier, 1990). NPY has reciprocal
effects on diet composition: NPY infusion in the brain affects macronutrient intake (Stanley,
Anderson, Grayson, & Leibowitz, 1989; Stanley, Daniel, et al., 1985; van den Heuvel et al.,
2015), and macronutrient preference is associated with brain NPY levels (Beck et al., 1994;
Jhanwar-Uniyal, Beck, Jhanwar, Burlet, & Leibowitz, 1993). Furthermore, NPY has an effect on
the motivation to work for a food reward (Jewett et al., 1995), specifically when infused into
reward regions (C. M. Brown et al., 2000; Pandit et al., 2014a). In addition, the NPY system
has been shown to be altered in many genetic and diet-induced rodent models of obesity.
This review focuses on changes found in NPY peptide and mRNA levels in hypothalamic and
reward regions when animals are exposed to highly palatable diets.

Neuropeptide Y circuitry of food intake regulation
Neuropeptide Y (NPY), a 36 amino acid peptide (Tatemoto, 1982), is expressed throughout
the brain (Allen et al., 1983; Chronwall et al., 1985; de Quidt & Emson, 1986a; Pelletier, 1990).
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In humans and rats, NPY signals via five G-protein coupled receptors (NPY1R, NPY2R, NPY4R,
NPY5R; in mice NPY6R is also functional; [Blomqvist & Herzog, 1997; Iyengar et al., 1999;
Michel et al., 1998]). Intracerebral NPY infusion increases food intake (Clark, Kalra, & Kalra,
1997; Flood & Morley, 1991; Kask et al., 1998; Levine & Morley, 1984) through its effects on
appetitive (i.e. searching and acquiring food; e.g. meal frequency; [Benoit, Clegg, Woods, &
Seeley, 2005; Seeley, Payne, & Woods, 1995]) and, under certain conditions, consummatory
(i.e. ingestion; e.g. meal size) feeding behaviors (Baird, Gray, & Fischer, 2006; Benoit et al.,
2005). NPY-/- animals have normal growth curves (i.e. food intake, body weight and adiposity
compared to NPY+/+ and NPY+/- animals; [Erickson, Clegg, & Palmiter, 1996]). However, they
have reduced hyperphagic responses and delayed or failed body weight recovery after fasting
(Bannon et al., 2000), although this has not been consistently demonstrated (Erickson, Clegg,
et al., 1996). In addition, NPY-/- animals have reduced intake at the onset of the dark period
and delayed hyperphagia in response to predictable palatable food compared to NPY+/+
animals, despite unaltered approaching of the food (Sindelar, Palmiter, Woods, & Schwartz,
2005). Knock-down of NPY in adulthood reduces food intake and weight gain (Gardiner et al.,
2005), demonstrating the importance of NPY as an orexigen when developmental
compensation cannot take place. Thus, NPY may facilitate behaviors to eat more food in a
short time window (Sindelar et al., 2005), and may be necessary during acute changes in
energy availability. Interestingly, however, modest overexpression of NPY led to obesity only
when the animals were put on a palatable diet (Kaga et al., 2001), indicating important
interactions between NPY and diet composition in hyperphagia.
The role of hypothalamic NPY in food intake regulation has been studied extensively
since injection of NPY into several hypothalamic nuclei produced orexigenic effects (R. E.
Mercer, Chee, & Colmers, 2011; Stanley, Chin, et al., 1985). The arcuate nucleus of the
hypothalamus (Arc) contains the majority of hypothalamic NPY neurons, which co-express for
approximately 94% with agouti-related protein (AgRP; [Broberger, Johansen, Johansson,
Schalling, & Hokfelt, 1998; Hahn, Breininger, Baskin, & Schwartz, 1998]). AgRP is an orexigenic
peptide that antagonizes the melanocortin system (R. D. Cone, 2005). The Arc is situated
close to the median eminence and third ventricle, allowing access to circulating signals
(Broadwell & Brightman, 1976; Ciofi, 2011; Rodriguez et al., 2010). Accordingly, Arc NPY
neurons are sensitive to changes in energy state. For example, NPY peptide levels (Sahu et al.,
1988), the level of Npy mRNA, and the number of cells expressing NPY in the Arc are all
increased after fasting (Hahn et al., 1998; Marks, Li, Schwartz, Porte, & Baskin, 1992; M. W.
Schwartz, Erickson, Baskin, & Palmiter, 1998; White & Kershaw, 1990). Furthermore, they
respond to endocrine signals of energy state, such as leptin, insulin, and ghrelin, and can also
sense nutrients such as glucose (Kohno & Yada, 2012).
Within the Arc, NPY inhibits anorexigenic pro-opiomelanocortin-/cocaine-andamphetamine-related-transcript (POMC/CART) neurons. POMC/CART neurons release alpha26

Obesogenic diets and brain NPY

melanocyte stimulating hormone (α-MSH), a cleavage product of the POMC gene, which acts
on melanocortin 3 and 4 receptors to inhibit feeding (R. D. Cone, 2005). POMC neurons
express NPY1R, NPY2R, and NPY5R, of which NPY1R and NPY2R activation leads to membrane
hyperpolarization and an inhibition of firing activity (Acuna-Goycolea, Tamamaki, Yanagawa,
Obata, & van den Pol, 2005; Cowley et al., 2001; Ghamari-Langroudi et al., 2005; Roseberry et
al., 2004). However, knockout of NPR1R, NPY2R, or NPY5R paradoxically leads to obesity
during development, but attenuates (Naveilhan et al., 1999; Pedrazzini et al., 1998), or does
not affect fasting-induced refeeding (Marsh et al., 1998). In addition to the effects within the
Arc, Arc NPY neurons project to many hypothalamic and extra-hypothalamic regions (Bai et
al., 1985; Silverman, Hoffman, & Zimmerman, 1981; van den Heuvel et al., 2015; D. Wang et
al., 2015) that contain NPYR-expressing cells (Gray & Morley, 1986; Kishi et al., 2005; Pickel,
Beck-Sickinger, Chan, & Weiland, 1998; Wolak et al., 2003).
Within the hypothalamus, the Arc-paraventricular nucleus (PVN) projection in
particular, is implicated in food intake regulation (Jhanwar-Uniyal et al., 1993; J. Wang et al.,
2013). The Arc and PVN are among the few hypothalamic regions in which levels of Npy
mRNA (Arc; [Beck, Jhanwar-Uniyal, et al., 1990]) or NPY peptide release (PVN; [Dube et al.,
1992]) increase after deprivation. Additionally, the PVN is the only hypothalamic region
where NPY peptide levels (Sahu et al., 1988) and release (S. P. Kalra et al., 1991) decrease
dynamically with refeeding, and where the release of NPY is augmented before the initiation
of feeding (S. P. Kalra et al., 1991). In the PVN, NPY indirectly affects neuronal excitability via
gamma-amino-butyric-acid (GABA) interneurons that synapse onto a subset of melanocortinsensitive parvocellular PVN neurons (pPVN; [Cowley et al., 1999; Pronchuk, Beck-Sickinger, &
Colmers, 2002]), which in turn project to the lateral parabrachial nucleus and suppress
feeding when stimulated (Garfield et al., 2015; Shah et al., 2014). NPYergic inhibition of these
neurons via GABAergic signaling would thus lead to inhibited suppression of intake. Second to
the PVN, NPY elicits the strongest feeding response when infused into the perifornical area of
the lateral hypothalamic area (pfLHA; [Stanley et al., 1993]). When overexpressed in the LHA,
NPY increases daily food intake by increasing meal size (Tiesjema et al., 2007). Paradoxically,
ex vivo experiments showed that NPY inhibits two types of LHA neurons that have stimulatory
effects on feeding, hypocretin/orexin (Ox) neurons (Rodgers et al., 2001) and melanin
concentrating neurons (MCH; [Tritos et al., 1998]). In these ex vivo preparations, NPY inhibits
Ox neurons postsynaptically via the NPY1R and presynaptically via NPY2R/NPY5R (Fu, AcunaGoycolea, & van den Pol, 2004), and inhibits melanin concentrating hormone (MCH) neurons
pre- and postsynaptically (van den Pol, Acuna-Goycolea, Clark, & Ghosh, 2004). However, it
therefore seems unlikely that NPY-induced feeding effects are mediated via MCH or Ox
neurons. How NPY manipulations of the LHA can lead to hyperphagia needs further
investigation and should address the role of other LHA neuronal populations in mediating this
effect. Next to the LHA, NPY also acts in the ventromedial hypothalamus (VMH) to stimulate
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intake by pre- and postsynaptically inhibiting the anorexigenic output of the VMH (Chee,
Myers, Price, & Colmers, 2010), which consists of stimulating POMC neurons in the Arc
(Sternson, Shepherd, & Friedman, 2005). In the dorsomedial hypothalamus (DMH),
overexpression of Npy results in hyperphagia (F. Zheng, Kim, Chao, & Bi, 2013), but only when
increased energy demands require increased feeding. For example, in lactating females or
during chronic food restriction, which both increase DMH Npy mRNA levels (Bi, Robinson, &
Moran, 2003; P. Chen & Smith, 2003; C. Li, Chen, & Smith, 1998b). Unlike the Arc NPY
neurons, DMH NPY neurons do not express leptin receptors (Bi et al., 2003). Overall, it can be
concluded that Arc NPY neurons can influence food intake via several hypothalamic areas,
with a major role for the Arc->PVN and Arc->LHA projections. In addition, under specific
circumstances NPY will be expressed in the DMH to influence food intake.
Arc NPY neurons also project to regions outside the hypothalamus, such as the ventral
tegmental area (VTA), and the dorsal and ventral striatum, which are part of the reward
circuitry and involved in motivation-related behaviors. Intracerebral (ICV) NPY increases the
motivation for food (Jewett et al., 1995), which may involve these regions. Accordingly,
studies from our lab and others have shown that intra-VTA NPY increases food-motivated
behavior for sucrose, whereas intra-NAc NPY increases both food-motivated behavior and
free-feeding of sucrose pellets (Pandit et al., 2014a), and can elicit a conditioned place
preference (C. M. Brown et al., 2000). Furthermore, intra-NAc NPY infusions did not affect
free-feeding of chow (C. M. Brown et al., 2000), suggesting that palatability may play a role in
this effect. Accordingly, intra-NAc NPY infusion specifically increases the intake of fat in
animals on an obesogenic choice diet via NPY1R receptors (van den Heuvel et al., 2015). The
circuitries underlying these effects are, however, currently unknown.
Given its prominent orexigenic position, alterations in the NPY circuitry could be
important in obesity. Studies have shown that increasing NPY levels by chronic intracerebral
administration (Beck, Stricker-Krongrad, Nicolas, et al., 1992; Paez & Myers, 1991; Raposinho
et al., 2001; Stanley et al., 1986; Zarjevski, Cusin, Vettor, Rohner-Jeanrenaud, & Jeanrenaud,
1993), hypothalamic overexpression (E. J. Lin et al., 2006), or PVN- or LHA specific
overexpression (Tiesjema et al., 2007) leads to hyperphagia and subsequent obesity.
Furthermore, knockout of NPY produces mice that are less susceptible to diet-induced obesity
(H. R. Patel et al., 2006). In addition, obesity is accompanied by changes in motivation and
reward-related behaviors, and the reward circuitry (Kenny, 2011a, 2011b; Volkow et al.,
2011). Therefore, it can be expected that hyperphagia in obesity is accompanied by
alterations in the hypothalamic and, possibly, the extrahypothalamic NPY system in the VTA
and NAc. In the next section, we will briefly review changes in NPY levels in genetic models of
obesity.
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Genetic models of obesity are accompanied by changes in NPY levels
Genetic models of obesity show alterations in hypothalamic NPY levels. When leptin signaling
is disrupted (e.g. in obese Zucker fa/fa rats or ob/ob mice) hyperphagia occurs in association
with increased synthesis, transport, and release of NPY in the Arc and PVN (Beck, 2006),
showing that leptin’s inhibitory effects on Arc NPY levels are important for mediating its
anorexigenic effects. On the other hand, adult obese tubby mice, with a disruption in the tub
gene (an orphan gene accompanied by hyperleptinemia), have decreased levels of Arc Npy
mRNA and increased Npy mRNA expression in the DMH and VMH (Guan, Yu, & Van der Ploeg,
1998), which could be explained by the finding that tubby Arc AgRP/NPY neurons are still
responsive to injections of leptin (Wilson et al., 1999), which decrease Arc Npy mRNA levels.
Otsuka Long-Evans Tokushima Fatty (OLETF) rats, which lack functional cholecystokinin
receptors (Miyasaka et al., 1994; Moran & Bi, 2006; Takiguchi et al., 1997; Takiguchi et al.,
1998) have decreased Npy mRNA levels in the Arc (Bi, Ladenheim, Schwartz, & Moran, 2001)
and DMH (Moran & Bi, 2006), but Arc Npy mRNA levels are not responsive to fasting (Bi &
Moran, 2003) and OLETF rats are more sensitive to ICV NPY infusion as measured by food
intake increases (Moran, Lee, Ladenheim, & Schwartz, 2002). This indicates that NPYreceptor-sensitivity or -quantity may be increased. Thus, genetic obesity is accompanied by a
variety of alterations in the hypothalamic NPY system depending on the specific mutation. In
the next section, we review the alterations in NPY levels after exposure to different
obesogenic diets.

The effects of obesogenic diets on NPY levels in the brain
Animals can be exposed to a variety of high-energy and, often, highly palatable diets that
contain high levels of fat and/or simple carbohydrates (Lutz & Woods, 2012). These
components are mixed with standard chow or provided separately, such as in cafeteria-style
diets, where animals are presented with a variety of high-calorie palatable foods. In addition,
some paradigms also select animals for their susceptibility to diet-induced obesity (DIO).
Sprague Dawley rats, when switched to a high-fat diet, have a bimodal distribution in body
weight gain (Levin & Dunn-Meynell, 1997), and selection of DIO-prone and DIO-resistant
animals can be done prior to obesity (Levin, 1995). DIO-prone vs. -resistant rats have
increased Arc NPY levels prior to obesity, which are insensitive to fasting or restriction (Levin
& Dunn-Meynell, 1997), and NPY levels stay increased after short-term DIO (Levin & DunnMeynell, 1997), but decrease after long-term DIO (Levin, 1999). Interestingly, others did not
observe this bimodal distribution in their population of Sprague Dawley rats and describe
similar changes in the NPY system as in other non-selected DIO models (as described below;
[Archer, Rayner, Rozman, Klingenspor, & Mercer, 2003]).
We next describe changes in the hypothalamic NPY system in animals rendered obese
using diet-induced obesity, where obesity is defined as high body weight or high fat mass
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weight compared to the control group. Studies are arranged by diet type since exposure to
different types of obesogenic diets leads to different obese phenotypes and NPY levels are
affected by dietary composition. The few studies that have addressed changes in NPY levels
after diet-induced obesity in regions outside of the hypothalamus will be mentioned
separately.
High-fat diets and NPY levels
High-fat diets (HFDs) lead to body weight gain (Hariri & Thibault, 2010), and contribute to the
development of metabolic syndrome (Ghibaudi, Cook, Farley, van Heek, & Hwa, 2002; Woods,
Seeley, Rushing, D'Alessio, & Tso, 2003). In the studies reviewed, the control diet usually
consisted of a high-carbohydrate diet (HCD) containing a high percentage of complex
carbohydrates and a low percentage of fat compared to the control group.
After fasting, whole hypothalamic Npy mRNA expression was not different prior to
obesity (i.e. no significant increases in body or fat pad weight) between HFD-fed and chowfed animals (Heijboer et al., 2005). However, measuring NPY levels in the whole
hypothalamus may occlude more subtle and region-specific effects (see e.g. [Wilding, Gilbey,
Mannan, et al., 1992]). Assessing NPY levels in specific hypothalamic regions after dietary
intervention revealed that Arc Npy mRNA was decreased (H. Wang, Storlien, & Huang, 2002),
or unaltered (S. Lin, Storlien, & Huang, 2000) after one week of HFD. Comparing exposure to a
HFD, a HCD, or an intermediate HFD or HCD, revealed that a HFD decreased levels of Npy
mRNA in the Arc, whereas intermediate diets resulted in intermediate (slightly lowered)
expression levels, and the HCD produced no change compared to chow controls (Giraudo,
Kotz, Grace, Levine, & Billington, 1994). Thus, most studies report a decrease in Arc Npy
mRNA after short-term HFD exposure, which is in line with HFD increasing leptin levels, which
in turn decrease Arc Npy mRNA (Ahima & Hileman, 2000). However, within the PVN, NPY
peptide levels did not change (Giraudo et al., 1994), indicating that the output of NPY is
unaltered in the Arc->PVN projection. Interestingly, when measured at the end of the light
period, increased NPY levels were found in the parvocellular part of the PVN (pPVN) of
animals that were allowed access to both a HFD and a HCD (Beck, Stricker-Krongrad, Burlet,
Nicolas, & Burlet, 1992), suggesting increased NPYergic output and possibly an increased
drive to eat at a time when natural feeding commences in nocturnal animals. However, Arc
NPY levels were unchanged in this study (Beck, Stricker-Krongrad, Burlet, et al., 1992). In
addition, LHA NPY levels, but not VMH or DMH levels, were decreased, indicating a role for
changes in LHA NPY in the development of diet-induced obesity (Beck, Stricker-Krongrad,
Burlet, et al., 1992).
Prolonged access (5-24 weeks) to a HFD increases body weight and fat mass (Guan, Yu,
Trumbauer, et al., 1998; S. Lin et al., 2000; Stricker-Krongrad, Cumin, Burlet, & Beck, 1998; H.
Wang et al., 2002; J. Wang et al., 1998), and decreases Arc Npy mRNA (Guan, Yu, Trumbauer,
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et al., 1998; S. Lin et al., 2000; H. Wang et al., 2002) and NPY peptide levels (Stricker-Krongrad
et al., 1998), as well as PVN NPY peptide levels (Stricker-Krongrad et al., 1998). After an
extended exposure to a HFD (i.e. 24 weeks), DMH/VMH Npy mRNA was increased (Guan, Yu,
Trumbauer, et al., 1998), possibly translating into decreased anorexigenic output. Kinzig et al.
(2005) found that long-term HFD exposure did not alter Arc Npy mRNA expression, but that a
very high-fat (ketogenic) diet increases Arc Npy mRNA at the end of the light period after
several weeks of exposure.
In the studies mentioned above, the control diet consisted of a low-fat chow control
(maximally 17% fat). However, in several studies, the control diet contained a relatively high
percentage of fat (e.g. 30% fat). This is sometimes considered a HFD in itself, as rats generally
require 5% fat in their daily diet (National Research Council (US) Subcommittee on Laboratory
Animal Nutrition, 1995), and diets containing >~13% fat can lead to obesity in rodents
(Harrold, Williams, & Widdowson, 2000). Exposure to a HFD (60% fat) versus a relatively lowfat diet (30% fat) resulted in significant measures of obesity, while no differences in Arc Npy
mRNA, or Arc and PVN NPY peptide levels were found (J. Wang et al., 1998). However, when
compared with exposure to a typical control diet with a low fat content (10% fat/65%
carbohydrate), decreased Arc Npy mRNA, and Arc and PVN NPY peptide levels were found (J.
Wang et al., 1998). This shows that the composition of the control diet is very important for
determining the effects of a certain macronutrient percentage on NPY levels in the brain. This
is partly corroborated by another study using comparable HF, HC, and control diets based on
macronutrient percentages. Measured at the end of the light period, NPY levels in the pPVN
were increased in the HFD group versus the HCD, but not compared to the intermediate chow
control group (Beck, Stricker-Krongrad, Burlet, Nicolas, & Burlet, 1990). In this study, the HFD
led to increased body weight compared to the HCD and control diet, which had similar body
weights. No additional differences in Arc, mPVN, VMH, or DMH NPY peptide levels were
found between the three diets, although LHA NPY peptide levels were decreased compared
to the chow diet. Of note, animals were fasted prior to decapitation, which might limit
comparison with other studies.
In summary, short-term exposure to a HFD decreases NPY levels in the Arc, and does
not affect NPY levels in the PVN, which may thus be interpreted as a physiological response to
reduce food intake. However, NPY output in the pPVN may be increased at a time when
normal feeding commences, which may translate in increased feeding behavior. Prolonged
exposure to a HFD and an obese state decreases Arc and PVN NPY levels and eventually
increases DMH/VMH Npy mRNA levels (see Table 1 for an overview). In addition, the studies
reviewed above demonstrate the importance of measuring region-specific NPY levels and the
composition of the control diet.
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Table 1. The effect of high fat diets on hypothalamic NPY levels.
Diet:
%fat/%carb
(%sugar)
43/Na

Control diet
%fat/%carb
(%sugar)
Na

Duration
(wks)

Species

Measures of
obesity

NPY effect

Region/
measure

State

Intake
(kcal)*

Ref

2

Mice

BW =

=

WH mRNA

Na

1

58/21 (6)

10/68 (16)

1, 7, 11

Mice

All ↓

Arc mRNA

1, 7, 11wk ↑

2

59/14 (8)

10/63 (11)

1, 8, 19

Mice

1wk =
8, 19wk ↓

Arc
mRNA

Na

Na
(chow)

1

Rats

Arc HF ↓
IHF, IHC (↓)
PVN =

Arc mRNA
PVN peptide

Na

1wk =
8wk ↓
19wk ↑
All =
But HC<C

3

HF 77/1 (0)
IHF 59/19 (0)
HC 0/78 (0)
IHC 35/43 (0)
HF 68/19 (0)
and
HC 14/70 (0)

BW, FM
1wk =
7, 11wk ↑
BW, FM
1wk =
8, 19 wk ↑
BW gain
C=IHF=HF>IHC>HC

Fasted 4h at
end of DP
Non-deprived

37/55 (0)

2

Rats

BW =

Arc, pPVN, mPVN,
VMH, DMH, LHA
peptide

End of LP

↑

5

73/17 (na)

14/69 (Na)

~17

Rats

BW, FM ↑

Arc, mPVN, VMH,
DMH =
pPVN ↑
LHA ↓
Arc, PVN ↓

Arc, PVN peptide

Fed

6

60/21 (3)

17/58 (Na)

24

Mice

BW ↑

30/45 (Na)

4-5

Rats

Na

=

8

16/66 (0)

7-9

Rats

BW, FM
HF>C>HC
BW HF>LC-HF=C
FM LC-HF>HF>C

Arc, DMH/VMH
mRNA
Arc mRNA
Arc, PVN peptide
Arc mRNA

Middle of LP

HC 10/65 (37)
HF 60/15 (Na)
HF 60/25 (7)
LC-HF 80/5 (2)
(ketogenic)
HF 68/19 (0)
HC 14/70 (0)

Arc ↓
DMH/VMH ↑
HC>HF=C

Na
Fat intake ↑
Na

End of light
period

LC-HF ↓

9

31/55 (0)

2

Rats

Arc, pPVN, mPVN,
VMH, DMH, LHA
peptide

Fasted in LP

HF>HC=C

10
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BW gain
HF>HC=C

LC-HF >HF = C

Arc, VMH, DMH,
mPVN HF=C=HC
pPVN HF=C>HC
LHA HF<HC=C

4

7
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Table 1 (Overleaf). Listed in order of appearance in text. Unless noted otherwise, all comparisons are
made versus values measured in the control diet group. Fat%/carb% = % kilocalories (kcal) from fat
and % kcal from carbohydrate; %sugar = % kcal from sugar. C = control diet; LC-HF = low-carb, high-fat
diet. BW = body weight; FM = fat mass. WH = whole hypothalamus, Arc= arcuate nucleus, PVN =
paraventricular nucleus (m = magnocellular part, p = parvocellular part), DMH = dorsomedial
hypothalamus, VMH = ventromedial hypothalamus, LHA = lateral hypothalamus. Non-deprived =
sacrificed at the beginning of the light period; DP = dark period; LP = light period. Na = not available.
* Caloric intake versus intake in the control group. 1) Heijboer et al., 2005; 2) H. Wang et al., 2002; 3)
S. Lin et al., 2000; 4) Giraudo et al., 1994; 5) Beck, Stricker-Krongrad, Burlet et al., 1992; 6) StrickerKrongrad et al., 1998; 7) Guan, Yu, Trumbaier et al., 1998; 8) J. Wang et al., 1998 Exp. 4; 9) Kinzig et
al., 2005; 10) Beck, Stricker-Krongrad et al., 1990.

High-carbohydrate diets and NPY levels
The control diets in the HFD studies reviewed above were usually chow diets with high levels
of complex carbohydrates and resulted in less body weight gain and no change or higher NPY
levels compared to HFD-fed animals. Therefore, only HCDs including high levels of simple
carbohydrates are considered obesogenic in this review, as high levels of simple
carbohydrates such as fructose, sucrose or glucose, can lead to body weight gain, increased
fat mass (Alzamendi et al., 2009; Pandit, Mercer, Overduin, la Fleur, & Adan, 2012), and
metabolic syndrome (R. J. Johnson et al., 2013; R. J. Johnson et al., 2009; Nakagawa et al.,
2006; Roncal-Jimenez et al., 2011). No studies were found where NPY levels were assessed
after exposure to a chow diet containing high levels of simple carbohydrates with a fat
content comparable to the control diet. Instead, high levels of simple carbohydrates seem to
be always combined with high fat content, which will be looked into in the next paragraph.
High-fat high-sugar diets, choice paradigms and NPY levels
Mixture diets, combining a high fat content with simple carbohydrates are often called highenergy diets or highly palatable diets (HPD). HPDs can, but do not always, result in increased
fat mass after short-term exposure. Also, HPDs most reliably mimic human obesity-related
metabolic syndrome (Panchal & Brown, 2011). Prior to weight change, a HPD did not change
hypothalamic Npy mRNA (Staszkiewicz, Horswell, & Argyropoulos, 2007), or NPY peptide
levels (Wilding, Gilbey, Jones, et al., 1992). However, decreased Npy mRNA levels were found
in different study (Widdowson et al., 1999). Ziotopoulou et al. (2000) found that one day of
HPD increased plasma leptin levels without changes in hypothalamic Npy mRNA, but on the
2nd day of diet exposure, Npy mRNA was increased. Thus, no consistent effects are found
when measuring the whole hypothalamus. However, no studies were found that assessed
region-specific NPY levels after exposure to a HPD, but prior to increased weight gain or the
development of obesity.
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Table 2. The effect of high-fat, high-sugar and choice diets on hypothalamic NPY levels.
Diet: %fat/%carb
(%sugar)
60/20 (7)

Control:
%fat/%carb
(%sugar)
10/70 (35)

Duration
(wks)

Species

Measures of
obesity

NPY effect

Region/
measure

State

Intake (kcal)*

Ref

Mice

BW ↑ from
6wk
BW
1wk =
4wks ↑

All =

WH mRNA

Na

Na

1

1wk peptide =
mRNA X
4wk peptide ↑
mRNA =
PVN
HF<HC
VMH, DMH =
Arc, PVN ↑
VMH, DMH, LHA =
WH mRNA =

mHyp/LHA
peptide
WH mRNA

Na

Na

2

PVN/VMH/DMH
peptide

Na

=

3

Arc/PVN/VMH/
DMH/LHA
peptide
WH mRNA
WH mRNA

Na

Na

4

Na

↑

5

Day 1 HFD1 = LFD
Day 2 HFD1=HFD2
>LFD
Day 7 HFD1=
HFD2= LFD
Day 14 HFD1 >
LFD
Na
↑
Na

6

13/68 (>7 by
weight)
(HP chow)

9/66 (Na)

3, 5, 9 or
12.5
1, 4

HC 10/65 (37)
HF 60/15 (Na)

-

4-5

Rats

BW, FM
HF>HC

13/68 (>7 by
weight)
(HP chow)

9/66 (Na)

7

Rats

BW ↑ from
1 wk

13/68 (>7 by
weight) (HP chow)
(low energy
density)
1) 43/43 (30)
or
2) 45/35 (17)

9/65 (Na)

2, 6-8

Rats

BW, FM
2wks =
6-8wks ↑

All ↓

10/70 (35)

1, 2, 7,
14 d

Mice

All BW ↑
from 2 wk

Day 1,7,14 =
Day 2
HFD1 ↓
HFD2 ↓

WH mRNA

Nondeprived

24/54 (17)
35/23 (23)
Combinations of:
HE 33/53 (25)
EN 22/64 (27)
C 12/65 (4)

9/69 (Na)
5/64 (Na)
12/65 (4)

12
1
5

Mice
Rats
Rats

BW, FM ↑
BW ↑
BW, FM ↑

↓
=
All ↓

WH mRNA
ARC mRNA
Arc NPY mRNA

Na
Na
LP

Table continued on the following page.
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Continuation Table 2. The effect of high-fat, high-sugar and choice diets on hypothalamic NPY levels.
Diet: %fat/%carb
(%sugar)

Control:
%fat/%carb
(%sugar)
12/65 (4)
20/Na (Na)

Duration
(wks)

Species

Measures of
obesity

NPY effect

Region/
measure

State

Intake (kcal)*

Ref

5
2

Rats
Rats

BW =, FM ↑
All BW ↑

Arc, DMH ↓
All ↓

Arc, DMH mRNA
WH mRNA

LP
Fasted
o/n

=
↑

10
11

9/69 (4)

1

Rats

fcHFHS ↑
fcHF ↓
fcHS =

Arc mRNA

Nondeprived

fcHFHS >C
fcHF>C
fcHS>C

12

Free choice diet:
fcHFHS 31/59*

9/69 (4)

4

Rats

BW:
HF=HFHS=HS
FM:
fcHFHS ↑
fcHF ↑
fcHS =
BW ↑
FM ↑

fcHFHS=fcHF=fcH
S=C

Arc mRNA

Nondeprived

fcHFHS>fcHF=fcH
S=C

13

49/36 (Na)
32/Na (Na) +
Cafeteria(HP chow)

6/69 (Na)
12/Na (Na)

10
2, 10

Rats
Mice

BW, FM ↑
BW, FM
2, 10 wk ↑

WH mRNA
Arc, PVN peptide

Fasted?
Nondeprived

Na
↑

14
15

30/56 (Na)
+ cafeteria

5/75 (Na)

2, 12
9, 17

Rats

BW ↑ from 3
wk
FM ↑ from 2
wk

=
Arc 2wk =, 10wk
↓
PVN 2wk =, 10wk
=
Arc 2, 9, 12wk =;
17wk ↓
PVN 2, 9, 12wk =;
17wk ↓
AH 2wk ↑; 9,
12wk ↓; 17wk =

Arc, PVN, AH
mRNA

Na

↑

16

33/53 (25)
Control diet with
access to
23 sucrose solution
or 23 glucose
solution
or 23 fructose
solution
Free choice:
fcHFHS 18/71*
fcHF 54/35*
fcHS 49/38*
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Table 2 (Overleaf). Listed in order of appearance in the text. Unless noted otherwise, all comparisons
are made versus values measured in the control diet group. Fat%/carb% = % kilocalories (kcal) from fat
and % kcal from carbohydrate; %sugar = % kcal from sugar. C = control diet; EN = Ensure; fc = free
choice; HE = high-energy diet; HF = high-fat; HFHS = high-fat high-sugar; HP chow = highly palatable
chow made by mixing standard chow with palatable food such as condensed milk; HS = high-sugar.
BW = body weight; FM = fat mass. AH = anterior hypothalamus, Arc= arcuate nucleus, DMH =
dorsomedial hypothalamus, LHA = lateral hypothalamus, mHyp = medial hypothalamus (including the
arcuate, paraventricular and ventromedial hypothalamic nuclei), PVN = paraventricular nucleus (p =
parvocellular part), VMH = ventromedial hypothalamus, WH = whole hypothalamus. DP = dark period;
LP = light period; Non-deprived = sacrificed at the beginning of the light period. Na = not available.
*Caloric intake versus intake in the control group. For choice diets, mean intake in percentages is
used. 1) Staszkiewicz et al., 2007; 2) Wilding, Gilbey, Jones et al., 1992; 3) J. Wang et al., 1998 Exp. 3;
4) Wilding, Gilbey, Mannan, et al., 1992; 5) Widdowson et al., 1999; 6) Ziotopoulou et al., 2000; 7)
Briggs et al., 2010; 8) Kim et al., 1998; 9) Archer et al., 2007; 10) Archer et al., 2004 in weanlings; 11)
Lindqvist et al., 2008; 12) la Fleur et al., 2010; 13) van den Heuvel, Eggels, Fliers, et al., 2014; 14) Plut
et al., 2003; 15) M.J. Morris et al., 2008; 16) Hansen et al., 2004.

After HPD-induced obesity, hypothalamic Npy mRNA levels were not different (Staszkiewicz et
al., 2007; Ziotopoulou et al., 2000), or decreased (Briggs, Enriori, Lemus, Cowley, & Andrews,
2010; Widdowson et al., 1999). NPY peptide levels were found to increase, but without
alterations in Npy mRNA levels (Wilding, Gilbey, Jones, et al., 1992). Looking at specific
hypothalamic regions, short-term HPD exposure leads to obesity, but does not change Arc
Npy mRNA levels compared to chow controls (Kim, Welch, Grace, Billington, & Levine, 1998).
However, more prolonged HPD exposure increases Arc NPY peptide levels (Wilding, Gilbey,
Mannan, et al., 1992), and Arc decreases Npy mRNA levels (Archer et al., 2007). In the PVN,
NPY peptide levels were either increased (Wilding, Gilbey, Mannan, et al., 1992), or decreased
(J. Wang et al., 1998), and no change in VMH, DMH (J. Wang et al., 1998;
Wilding, Gilbey, Mannan et al., 1992), or LHA NPY peptide levels were found (Wilding, Gilbey,
Mannan, et al., 1992). Archer, Rayner, and Mercer (2004) started HPD exposure early in
development, which initially increased food intake, but was accompanied by decreased levels
of Arc and DMH Npy mRNA when intake normalized (Archer et al., 2004). Together, and
taking peptide levels as a more direct measure of neuronal output than mRNA levels, HPDs do
not alter Arc Npy mRNA levels just after the onset of obesity, but do increase Arc and PVN
NPY peptide levels after more prolonged exposure, which could contribute to increased
intake.
HPD choice paradigms offering a variety of foods including palatable items that are
high in fat and/or sugar, or presenting pure macronutrients as choice options in addition to
chow (la Fleur et al., 2007), all lead to body weight gain and metabolic changes (Apolzan &
Harris, 2012; la Fleur et al., 2007; Martire, Holmes, Westbrook, & Morris, 2013; Rothwell,
Saville, & Stock, 1982; Rothwell & Stock, 1982). Although offering a variety of foods can make
it more difficult to determine the contribution of different macronutrients exactly, HPD
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choice diets mimic the human diet more accurately by offering palatability, variety, and
choice (J. G. Mercer & Archer, 2008), which have additive effects on food consumption (la
Fleur et al., 2014; Rogers & Blundell, 1984).
No studies were found that looked at NPY levels after exposure to a choice diet, but
prior to weight gain or the development of obesity. After the onset of obesity, a choice diet
comprising a normal chow diet including either a sucrose, glucose, or fructose solution,
decreased hypothalamic Npy mRNA levels compared to a water control after an overnight
fast (Lindqvist, Baelemans, & Erlanson-Albertsson, 2008). Focusing on the Arc, prolonged
exposure to a choice HPD, comprising high-energy chow (created by mixing e.g. lard and
sweetened condensed milk in normal chow) and access to liquid Ensure® (containing fat and
sugar) also decreased Arc Npy mRNA levels (Archer et al., 2007). In our lab, in a direct
comparison of different free-choice (fc) diets, providing a 30% sucrose solution (fcHS), a dish
of lard (fcHF), or both (fcHFHS), in addition to chow and water, revealed that exposure to the
fcHF or fcHFHS diet for one week resulted in obesity as measured by increased fat mass (la
Fleur et al., 2010). However, a divergence was found in the Npy mRNA levels; a fcHF diet
decreased, and a fcHS diet (not inducing obesity) did not change Arc Npy mRNA levels,
whereas a fcHFHS diet increased Arc Npy mRNA levels compared to chow controls (la Fleur et
al., 2010). This was reflected by food intake behavior: only fcHFHS-fed animals were
hyperphagic, whereas fcHF and fcHS animals initially overate, but had normalized intake
when Npy mRNA was measured (la Fleur et al., 2011; la Fleur et al., 2010). Interestingly, at
four weeks exposure, when all groups were obese and showed stable food intake, Arc and
DMH Npy mRNA levels were not different between the diet groups and their chow controls,
but the sensitivity to ICV infusions of NPY was increased in fcHFHS animals (van den Heuvel,
Eggels, van Rozen, et al., 2014; see Figure 1).
Cafeteria-style diet paradigms may mimic the human diet most closely, but may
hamper assessment of macronutrient intake. No studies were found that measured NPY
levels prior to the manifestation of obesity due to a cafeteria diet. In Morris et al. (M. J.
Morris, Chen, Watts, Shulkes, & Cameron-Smith, 2008), animals were exposed to a cafeteria
diet for several weeks, and obesity developed after two weeks of dietary intervention. Arc
and PVN NPY peptide levels were measured at 2 and 10 weeks of exposure; Arc NPY peptide
levels were decreased at 10 weeks of exposure, whereas PVN peptide levels were unchanged
at both time points (M. J. Morris et al., 2008). In another study, rats kept on a cafeteria diet
for 2-17 weeks were obese after 3 weeks. Up to 12 weeks of diet exposure did not result in
changes in Arc or PVN Npy mRNA levels, although animals were more sensitive to NPY
infusion (Hansen, Jovanovska, & Morris, 2004). Levels in both regions were decreased after 17
weeks on the diet ([Hansen et al., 2004]; see Table 2). Prolonged exposure to a cafeteria diet
did not result in changes in hypothalamic Npy mRNA levels compared to chow controls when
animals were fasted overnight (Plut, Ribiere, Giudicelli, & Dausse, 2003).
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Figure 1. The effects of obesogenic free-choice diets on Arc Npy mRNA and NPY sensitivity. A)
Average daily total caloric intake in rats on a CHOW diet, free-choice high-sugar (fcHS), free-choice
high-fat (fcHF) or free-choice high-fat high-sugar (fcHFHS) diet for 4 weeks. N = 7-9 rats per group.
Different letters represent significant differences between bars (p < 0.05) as indicated by repeated
measures analysis of variance (ANOVA). B) Arc Npy mRNA levels after 1 week diet exposure showing
increased Npy mRNA in fcHFHS-, and decreased Npy mRNA in fcHF-fed rats compared to fcHS- and
CHOW-fed control rats. Letters represent significant differences between bars (p < 0.05) after twoway ANOVA indicated a difference (p < 0.05). Numbers on bars represent the number of rats per
group. C) Arc Npy mRNA levels after 4 weeks diet exposure do not differ between the diet groups. D)
NPY sensitivity is increased in fcHFHS-fed rats compared to fcHS-, fcHF-, and CHOW-fed control rats
after 4 weeks diet exposure. *Significantly different from vehicle injection in the same diet (p < 0.05).
All data are mean ± SEM. Figures A, C and D are from (van den Heuvel, Eggels, van Rozen, et al., 2014).
Figure B is adapted from (la Fleur et al., 2010).

In conclusion, short-term exposure to non-choice HPDs results in unchanged Arc NPY levels
compared to chow controls, whereas prolonged exposure leads to increased levels of NPY
peptide in the Arc and PVN, although there is a discrepancy with Arc Npy mRNA levels. After
exposure to several choice diets, NPY levels are decreased in the Arc with no change in the
PVN. The effect on NPY levels in other hypothalamic regions is unknown. In addition, we have
found that different choice diets can differentially affect NPY levels. Specifically, exposure to
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fat and sugar led to increased Arc Npy mRNA levels. In addition, the sensitivity of the brain to
NPY infusions is increased after more prolonged exposure, suggesting that even if changes in
NPY levels are not observed, the system might be altered and responding to perturbation
more readily.
Obesogenic diets and NPY levels in the striatum/nucleus accumbens and ventral tegmental
area
Very few studies have looked at diet-induced changes in NPY peptide or mRNA levels outside
of the hypothalamus (see Table 3 for an overview). Only one study was found that addressed
NPY levels in the NAc. In this study, long-term exposure to a HFD, a HCD supplemented with a
sucrose solution, or a chow diet containing 31% fat, did not change NPY peptide levels in the
NAc of weanlings (Beck et al., 1994), whereas Arc and PVN(p) NPY peptide levels were
decreased in the HFD and HCD versus the chow group. In this study, animals were separated
based on their macronutrient intakes (i.e. those that ate fat were HFD animals, etc.), which
addresses the additional effects of preference. In the VTA, prior to obesity, the choice
between a HFD and a HCD did not change NPY peptide levels compared to relatively high-fat
(37% fat) chow-fed animals (Beck, Stricker-Krongrad, Burlet, et al., 1992). After HFD-induced
obesity, no change in VTA peptide levels was found, compared to a high-fat chow (37% fat),
or a HCD diet (Beck, Stricker-Krongrad, et al., 1990). Although the striatum and VTA are
regions where NPY may mediate motivation and food-reward, it remains to be determined
how these areas are affected by obesogenic diets and whether there is a role for these
alterations in motivational changes observed when animals are obese. Especially as studies
measuring NPY levels in the hypothalamus show a lot of variation.

Conclusions on the role of NPY changes in diet induced obesity
Since hypothalamic NPY levels are affected by dietary composition, we expected that
different obesogenic diets would affect NPY levels differently. In addition, as NPY infusion can
affect feeding and motivation-related behaviors when infused into the NAc and VTA, we
expected that NPY levels in these regions are affected in obesity, as obesity is known to be
accompanied by alterations in motivational behaviors (Kenny, 2011a, 2011b; Volkow et al.,
2011). The variety of experimental paradigms and the lack of studies on the effects of
exposure to certain obesogenic diets on NPY in specific hypothalamic and reward regions,
make a straightforward conclusion difficult. In addition, we found discrepancies between
peptide and mRNA levels, and observe that the resolution of measurement (whole
hypothalamus versus specific regions), as well as the choice of the control diet are important
factors when determining changes in NPY levels due to a specific dietary interventions. Still,
some main trends can be noted.
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Obesogenic diets increase the sensitivity to NPY
Arc NPY levels are decreased after exposure to a HFD, pointing to negative feedback at the
level of the Arc, with no change in output at the level of the PVN. This is in accordance with
increased leptin levels shortly after exposure to a HFD (e.g. [Widdowson et al., 1999;
Ziotopoulou et al., 2000]), and the inhibitory effect of leptin on Arc NPY neurons (Baver et al.,
2014; Korner, Savontaus, Chua, Leibel, & Wardlaw, 2001; van den Heuvel, Eggels, Fliers, et al.,
2014; van den Top, Lee, Whyment, Blanks, & Spanswick, 2004; Yang et al., 2010). pPVN NPY
levels are increased in HFD fed animals at a time when normal feeding commences, which
may indicate the start of altered regulation. Future studies could address whether this
translates to behavior, i.e. that HFD-fed animals eat more during this period than control
animals. Decreased Arc and PVN NPY levels after HFD exposure are, however, not always
sufficient to inhibit feeding.
The effects of sugar content alone, i.e. apart from the additive effects of increased fat
content or of a choice element such as when supplementing it as a solution, on NPY levels are
unknown. It should be recognized that a glucose injection increases Arc NPY levels after a
transient decrease (Chang, Karatayev, Davydova, Wortley, & Leibowitz, 2005), brief access to
a sucrose solution or a glucose injection increases Arc and PVN peptide NPY levels (J.Wang et
al., 1999), and a sugar preload increases subsequent intake (Gaysinskaya, Karatayev, Shuluk,
& Leibowitz, 2011). Taken together, this indicates that sugar consumption affects both NPY
levels and food intake. During obesity due to prolonged access to a sugar solution, NPY levels
are, however, decreased (Lindqvist et al., 2008). This has not yet been localized to a specific
hypothalamic region, but it is clear that decreased NPY levels are again not sufficient to
reduce intake.
Non-choice HPDs increase Arc and PVN NPY peptide levels, which is in contrast to the
effects found after exposure to a diet containing only high-sugar or high-fat levels. Overactivity of the Arc->PVN NPY projection may, in part, explain why this type of diet can lead to
increased body weight and fat gain in less time. Increased NPY levels leading to increased
food intake is reminiscent of genetic models in which leptin signaling is disrupted and where
reduction of NPY levels reduces intake (Erickson, Hollopeter, & Palmiter, 1996). On the other
hand, HPD choice diets either led to decreased or increased Arc and PVN NPY levels, but the
variety of choice diets interferes with a making a firm conclusion. It is, however, clear that
choice-HPD-DIO animals are more sensitive to NPY as measured by their feeding response
after NPY infusion (Hansen et al., 2004; van den Heuvel, Eggels, van Rozen, et al., 2014).
Although NPY sensitivity has not been assessed in animals on the other obesogenic diets,
changes in sensitivity might explain how decreased NPY levels still lead to hyperphagic
behavior and may indicate that after prolonged exposure, the NPY system adapts (appearing
normal or downregulated), whereas it is actually more sensitive to perturbation. For instance,
when DIO animals are put back on a chow diet, they have increased NPY levels compared to
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Table 3. The effect of obesogenic diets on NPY levels in reward regions.
Diet: %fat/%carb
(%sugar)
HF 68/19 (0)
and
HC 14/70 (0) +
25% sucrose
solution
HF 68/19 (0)
and
HC 14/70 (0)
HF 68/19 (0)
HC 14/70 (0)

Control:
%fat/%carb
(%sugar)
31/55 (0)

Duration
(wks)

Species

Measures of obesity

NPY effect

Region/
Measure*

State

Intake
(kcal)**

Ref

14

Rats

BW HF=C, HC=C, HF>HC
FM HF>C>HC

HF=HC=C

NAc peptide

Na

HC>HF=C
Last week

1

37/55 (0)

2

Rats

BW =

=

VTA peptide

End of LP

↑

2

31/55 (0)

2

Rats

BW gain
HF>HC=C

HF=HC=C

VTA peptide

Fasted in
LP

HF>HC=C

3

Listed in order of appearance in the text. Unless noted otherwise, all comparisons are made versus values measured in the control diet group.
Fat%/carb% = % kilocalories (kcal) from fat and % kcal from carbohydrate; %sugar = % kcal from sugar. C = control diet; HC =highcarbohydrate; HF = high-fat. BW = body weight; FM = fat mass. NAc = nucleus accumbens, VTA = ventral tegmental are. LP = light period. Na =
not available.*The studies in this table are also mentioned in Tables 2 and 3 as NPY levels were measured in several brain regions. For clarity,
only effects in reward regions are listed here. ** Caloric intake versus intake in the control group. For choice diets, the mean intake in
percentages is used. 1) Beck et al., 1994 in weanlings; 2) Beck, Stricker-Krongrad, Burlet, et al., 1992; 3) Beck, Stricker-Krongrad, et al., 1990.
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chow controls (Archer et al., 2005). Increased sensitivity could be explained by increased
hypothalamic NPY2R and/or NPY5R (Huang, Han, & Storlien, 2003; Widdowson et al., 1997)
and/or NPY1R receptors (P. S. Kalra, Dube, Xu, Farmerie, & Kalra, 1998; P. S. Kalra, Dube, Xu,
& Kalra, 1997). Gene transcription may also play a role; for instance, in vitro studies have
shown that stimulation of NPY1R increases phosphorylation of cAMP-responsive element
binding protein (CREB) and induces the expression of cAMP-responsive element (CRE)
containing genes, including the NPY1R gene (Sheriff, A, W, Kasckow, & Balasubramaniam,
2002; Sheriff, Chance, Fischer, & Balasubramaniam, 1997). The underlying mechanisms of
receptor upregulation or sensitization are, however, unknown, and more research is required
to elucidate the mechanisms underlying the increased sensitivity to NPY. Especially, as
exposure to an obesogenic diet actually leads to increased excitability of NPY neurons in ex
vivo experiments (Baver et al., 2014; W. Wei et al., 2015). Since only a few studies have
measured NPY levels in other hypothalamic regions, we can also not exclude the possibility
that changes in the DMH, VMH, or LHA play a role in the maintenance of hyperphagia in DIO
animals.
NPY beyond the hypothalamus may play a role in palatability-induced hyperphagia
As mentioned above, NPY’s effects on feeding behavior extend beyond the hypothalamus;
NPY interacts with elements of the reward system to mediate feeding behavior as well as
feeding-related motivation. In addition, the effects of NPY are modulated by palatability,
which may be mediated by the reward circuitry. For instance, NPY-/- mice show delayed
hyperphagia in response to the presentation of palatable food (Sindelar et al., 2005), and
modest overexpression of brain-wide overexpression of Npy only leads to obesity when mice
are put on a highly palatable diet (Kaga et al., 2001). Furthermore, intra-NAc infusion of NPY
increases the motivation to work for sucrose pellets (Pandit et al., 2014a), or the choice for
fat on a fcHFHS diet (van den Heuvel et al., 2015), but does not increase intake when animals
are only offered chow (C. M. Brown et al., 2000). Since the reward circuitry and specifically
the mesolimbic dopamine system are altered in obesity (Kenny, 2011a, 2011b; Volkow et al.,
2011), a change was expected in NPY. Only a few studies investigated whether DIO influences
NPY in the reward areas and did not find changes, but more research is needed to make
definite conclusions. NPY neurons and its receptors are found in the NAc and VTA (Gray &
Morley, 1986; Kishi et al., 2005; Korotkova et al., 2006; Pickel et al., 1998; Wolak et al., 2003),
thus NPY may affect these regions locally or through projections. For instance, Arc NPY
neurons project to the NAc (van den Heuvel et al., 2015), and AgRP neurons project to the
VTA (Dietrich et al., 2012), making it likely that NPY does as well. The hypothalamic changes in
NPY described above may affect the reward areas. NPY’s stimulatory effects on intake and
motivational aspects of intake (Pandit, la Fleur & Adan, 2013; Quarta & Smolders, 2015; van
den Heuvel et al., 2015) are in accordance with its stimulatory effects on accumbal dopamine
42

Obesogenic diets and brain NPY

Figure 2. Interactions of diet and brain Neuropeptide Y in regulating different aspects of food intake.
Arc NPY neurons project to hypothalamic regions to mediate homeostatic feeding. The Arc->PVN
projection is most implicated in short-term intake regulation. The Arc NPY neurons also project to the
NAc and possibly to the VTA, where they interact with the mesolimbic DA system. Especially in the
NAc, NPY may interact with GABA and opioid signaling to influence palatable food intake. Next to this,
palatable diet consumption influences the NPY system in the hypothalamic and possibly also in the
reward circuitry, either via NPYergic projections or direct effects on local NPY neurons. Furthermore,
in (HFHS) DIO, NPY sensitivity is increased, which may lead to increased homeostatic and hedonic
intake. The interrelations between these regions have been omitted for clarity. See text for details.
ARC = arcuate nucleus, DA = dopamine, DIO = diet-induced obesity, DMH = dorsomedial
hypothalamus, GABA = gamma-amino-butyric acid, HFHS = high-fat high-sugar, LHA = lateral
hypothalamic area, NAc = nucleus accumbens, NPY= Neuropeptide Y, PVN = paraventricular
hypothalamic nucleus, VMH = ventromedial hypothalamic nucleus, VTA = ventral tegmental area.

levels (Adewale, Macarthur, & Westfall, 2007; Beal, Frank, Ellison, & Martin, 1986; KerkerianLe Goff et al., 1992). Paradoxically, NPY inhibits both GABA and dopamine neurons in the VTA
in an ex vivo preparation (Korotkova et al., 2006). These findings may be reconciled when
considering that only a subset of VTA dopamine and GABA neurons expresses NPY or NPYR,
that only a subset of neurons is inhibited by NPY (Korotkova et al., 2006), and that more
GABAergic cells were inhibited more strongly (Korotkova et al., 2006), which may thus result
in overall increased dopaminergic output. As VTA neurons are highly heterogeneous based on
their expression profiles and projection areas, which can be measured at the behavioral level
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(Lammel, Lim, & Malenka, 2014; Sanchez-Catalan, Kaufling, Georges, Veinante, & Barrot,
2014), it is necessary to replicate these findings and address this heterogeneity (e.g. if the
effects of NPY on dopaminergic cells depends on the project target of the dopamine
neurons). Possibly local circuit dynamics or projection-specific effects eventually result in
increased dopamine release in the NAc. Future studies can also address whether the effects
of NPY in the NAc and VTA on dopamine translate to different roles in behavior.
Of particular interest to NPY’s putative role in palatability-induced hyperphagia are a few
studies that suggest an interaction between NPY, GABA and opioid signaling in the NAc in
regulating palatable food intake. Increasing GABA, opioid (Kelley, Baldo, Pratt, & Will, 2005)
or NPY signaling in the NAc (van den Heuvel et al., 2015) all lead to food intake, preferably of
palatable food (i.e. fat). Also, decreased firing in the NAc is necessary for food intake (Krause,
German, Taha, & Fields, 2010), and intra-NAc NPY infusion decreases neuronal activity (van
den Heuvel et al., 2015). NPY infusion also affects enkephalin neurons in the NAc (van den
Heuvel et al., 2015), and blocking the opioid system prevents NPY-induced feeding (Israel et
al., 2005). Interestingly, exposure to a palatable diet can sensitize the effects of accumbal
GABAergic stimulation (Newman, Pascal, Sadeghian, & Baldo, 2013). This suggests an
important role for diet composition and palatability in increasing the sensitivity of this system
(see Figure 2 for an overview). In line with the effects of diet composition on hypothalamic
NPY sensitivity, it would be interesting to pursue this further and determine whether NPY
plays a role in this effect.

Conclusions
We have reviewed obesogenic diet-induced changes in the NPY system in the hypothalamus
and the reward system. Diet composition affects NPY levels; high-fat diets decrease
hypothalamic NPY levels before and after the onset of obesity, whereas high-fat high-sugar
(choice) diets increase hypothalamic NPY levels. In addition, the obese state is characterized
by increased sensitivity of the NPY system, into which future research is required.
Additionally, limited evidence indicated no change in NPY levels in the reward system due to
exposure to obesogenic diets. Yet, NPY interacts with the mesolimbic reward system to
modulate feeding and motivation-related behaviors, which are altered in obesity. Therefore,
this may prove to be an important circuitry in explaining how homeostatic and hedonic
alterations manifest as hyperphagia in obesity.
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Long-term consumption of a free choice high-fat high-sugar diet
affects NPY-related gene expression
in a brain region-specific manner
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Abstract
The central Neuropeptide Y (NPY) system regulates energy balance via NPY neurons in the
arcuate nucleus (Arc) of the hypothalamus that sense peripheral signals of energy status, and
project to several hypothalamic and extrahypothalamic regions via four NPY receptors
(NPYR). NPY also affects the motivation for food when it is infused into areas involved in
reward regulation, such as the ventral tegmental area (VTA) and the nucleus accumbens
(NAc). Diet-induced obesity dysregulates the NPY system. After one week consumption of a
free-choice high-fat high-sugar (fcHFHS) diet, Arc Npy mRNA levels are increased. Levels are,
however, normalized after four weeks when sensitivity to NPY infusion is increased. The
effects of a fcHFHS diet on Npy and Npyr expression in the reward-related regions is,
however, unknown and may play a direct role in the persistent hyperphagia, altered foodmotivated behavior, and increased NPY sensitivity observed in rats consuming a fcHFHS diet.
Here, our aim was to determine if the expression of the components of the NPY system are
altered in the hypothalamus and reward-related regions in diet-induced obesity.
Npy and Npyr expression was quantified in the Arc, lateral hypothalamus (LHA), NAc,
and VTA after six weeks consumption of a fcHFHS or CHOW control diet by RT-qPCR. mRNA
expression was determined 4 hours into the light period and 4 hours into the dark period.
We found that LHA Npy expression and NAc Npy1r expression were altered after six
weeks of fcHFHS diet consumption. LHA Npy expression was regulated in an opposite manner
to that of CHOW-fed animals; LHA Npy was lower in the light period and higher in the dark
period in fcHFHS-fed rats. NAc Npy1r expression was lower in fcHFHS-fed rats compared to
CHOW-fed rats only in the light period.
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Introduction
Neuropeptide Y (NPY) regulates energy balance. The central NPY system consists of NPY
neurons and their connections in multiple brain regions. NPY neurons in the arcuate nucleus
of the hypothalamus (Arc) can sense peripheral signals of energy status (Kohno & Yada,
2012). Accordingly, hypothalamic Npy mRNA levels fluctuate with energy status in a circadian
manner (Akabayashi, Levin, Paez, Alexander, & Leibowitz, 1994; Jhanwar-Uniyal, Beck, Burlet,
& Leibowitz, 1990), and after physiological challenges, such as fasting and refeeding (Hahn et
al., 1998; Marks et al., 1992). The Arc NPY neurons project to several hypothalamic and
extrahypothalamic regions, including the lateral hypothalamus (LHA), ventral tegmental area
(VTA), and nucleus accumbens (NAc) to regulate energy balance via four NPY receptors
(NPYR; [Broberger, De Lecea, Sutcliffe, & Hokfelt, 1998; M. C. R. Gumbs et al., 2019; Michel et
al., 1998; Sim & Joseph, 1991; van den Heuvel et al., 2015]).
Importantly, the central NPY system is dysregulated in diet-induced obesity (DIO).
Hypothalamic NPY expression levels are altered after exposure to obesogenic diets, which has
been reported on extensively (for review see [M. C. Gumbs, van den Heuvel, & la Fleur,
2016]). In our model of DIO, the free-choice high-fat high-sugar (fcHFHS) diet, in which rats
have ad libitum access to chow, fat, a 30% sucrose solution and water (la Fleur et al., 2007),
Arc Npy expression is already increased after one week of diet consumption (la Fleur et al.,
2010), and normalizes to control levels after four weeks of diet consumption (van den Heuvel,
Eggels, van Rozen, et al., 2014). However, even when Arc Npy levels are normalized, fcHFHSfed rats continue to show hyperphagia compared to chow-fed controls (van den Heuvel,
Eggels, van Rozen, et al., 2014). Strikingly, fcHFHS-fed rats respond more readily to
intraventricular NPY infusions than chow-fed controls, indicating that the central NPY system
is sensitized (van den Heuvel, Eggels, van Rozen, et al., 2014). The mechanisms underlying the
sensitization of the NPY system are, however, currently unknown. One of the hypotheses is
that changes in NPYR levels in Arc NPY neuron output structures underlie alterations in NPY
sensitivity, such as the PVN and LHA, which are important in the regulation of feeding (Elias et
al., 1998; Silverman et al., 1981; Stanley, Daniel, et al., 1985; Stanley et al., 1993).
Quantitative autoradiography using a ligand that binds to both the NPY receptor subtype 2
(NPY2R) and 5 (NPY5R), and a ligand that binds specifically to the NPY1R, indicated that
NPY2R/NPY5R, but not NPY receptor subtype 1 (NPY1R), was upregulated in the whole
hypothalamus after six weeks exposure to a pelleted high-fat high-sugar diet (Widdowson et
al., 1997). However, no further specification of region-specific receptor changes in the
hypothalamus or of a differentiation between the NPY2R and NPY5R was made.
NPY can also affect food-motivated behavior (Jewett et al., 1995), likely via NPYR in
extra-hypothalamic regions (Kishi et al., 2005; R. M. Parker & Herzog, 1999). Importantly,
increased motivation to obtain food can contribute to hyperphagia and obesity development.
The classic brain circuitry implicated in regulating motivational and reward processing
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includes the mesolimbic dopaminergic system, comprised of the VTA, which projects to the
NAc (Hernandez & Hoebel, 1988; Meye & Adan, 2014; Wise, 2004). Local infusions of NPY in
the VTA and NAc increase the motivation to work for sucrose pellets in normal-weight rats
(Pandit et al., 2014a). Accordingly, intra-NAc NPY infusion increases dopamine release in the
NAc (Sorensen et al., 2009). After one week of fcHFHS diet consumption, rats show increased
motivation to work for sucrose pellets, and increased Npy expression in the Arc (la Fleur et al.,
2010; la Fleur et al., 2007). The Arc NPY neurons project to both the VTA and NAc (M. C. R.
Gumbs et al., 2019; van den Heuvel et al., 2015). The NAc also expresses Npy locally
(Chronwall et al., 1985; de Quidt & Emson, 1986a), whereas the VTA does not express Npy
mRNA under normal physiological circumstances, but it may be expressed under nonstandard physiological circumstances (M. C. R. Gumbs et al., 2019). Taken together, these
findings indicate a role for the NPY system in reward regions in mediating changes in
motivation that are also seen in models of DIO. The role of NPY in the mesolimbic system has,
however, been understudied. Specifically, it is unknown whether Npy and/or Npyr expression
is altered in the VTA and NAc under conditions when motivation is increased such as DIO.
Our aim was to determine the expression level of Npy and the different Npyr in
hypothalamic and reward-related regions, and if the expression of the components of the
NPY system are altered in these regions after six weeks consumption of an obesogenic fcHFHS
diet when fcHFHS-fed rats are more sensitive to intracerebroventricular NPY infusion, but Arc
Npy levels are normalized (van den Heuvel, Eggels, van Rozen, et al., 2014). Npy and Npyr
mRNA expression were determined in the Arc, LHA, VTA, and NAc in male Wistar rats that had
access to a fcHFHS or a chow control diet for six weeks. In addition, we assessed this at two
time points: 4 hours into the dark period when rats generally consume food, and 4 hours into
the light period, when rats are generally fasting.
First, we assessed the regional gene expression of the NPY system-related genes
relative to Arc gene expression to provide an indication of the importance of the components
of the regional NPY systems. Second, we determined if consumption of a fcHFHS diet lead to
changes in NPY system-related gene expression. Finally, as LHA Npy expression was altered
after six weeks diet consumption, and little is known about local LHA NPY neurons in the rat,
we determined the localization of NPY-expressing cell bodies in the LHA by immunocytochemistry. We hypothesized a difference between gene expression levels at the different
time points, as hypothalamic NPY levels fluctuate in a circadian fashion (Akabayashi et al.,
1994; Jhanwar-Uniyal et al., 1990). Also, as we have previously shown that Arc Npy levels are
normalized after long-term exposure to the fcHFHS diet (van den Heuvel, Eggels, van Rozen,
et al., 2014), it was expected that Arc Npy levels were not different between both diet groups.
In addition, we expected changes in Npy or Npyr expression that might explain the different
responses to NPY infusion in chow- and fcHFHS-fed rats, e.g. changes in the VTA and NAc NPY
systems in accordance with increased motivation in fcHFHS-fed rats (la Fleur et al., 2007).
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Experimental procedures
Animals and housing
Adult male Wistar rats (Charles River Breeding Laboratories, Sulzfeld, Germany), weighing
270-300 grams at arrival, were housed in temperature- (21 ± 2 ˚C), humidity- (60 ± 5 %) and
light-controlled (12:12hr light/dark; lights on 07:00-19:00) rooms with background noise
(radio) during the entire experiment. Rats had ad libitum access to a container with a
standard high-carbohydrate diet (Teklad global diet 2918; 24% protein, 58% carbohydrate,
and 18% fat, 3.1 kcal/g, Envigo, Horst, The Netherlands) and a bottle of tap water. The animal
ethics committee of the Netherlands Institute for Neuroscience approved all experiments
according to Dutch legal ethical guidelines.
Diet intervention
Rats were either placed on an ad libitum standard chow diet with tap water (CHOW; see
above), or a free-choice high-fat high-sugar (fcHFHS) diet, which allows ad libitum intake from
a dish of saturated beef tallow (Ossewit/Blanc de Boeuf, Vandemoortele, Belguim; 9 kcal/g), a
bottle of 30% w/v sucrose water (mixed from commercial grade sugar and tap water; 1.2
kcal/g), standard chow, and tap water (la Fleur et al., 2007). Food intake was measured at
least five times a week, and all components were refreshed twice a week. Experimental
infusions began after one week diet of exposure.
Effect of consumption of a fcHFHS diet on NPY system mRNA levels
LHA samples were received from dr. A. Blancas-Velazquez, and have been used in previously
published studies (Blancas-Velazquez et al., 2018; M.C.R. Gumbs et al., accepted). CHOW- (N =
14) and fcHFHS-fed (N = 14) rats were kept on their respective diets for six weeks, during
which food intake and body weight were monitored. Rats were then divided into two groups
and euthanized in the light period (11:00), or in the dark period (23:00) by 33%CO2/66%O2
anesthesia and immediate decapitation. Brains were rapidly removed, frozen on dry ice and
stored at -80 °C. In addition, epididymal fats pads were excised and weighed.
RNA isolation and RT-qPCR procedures have been described before (BlancasVelazquez et al., 2018; M. C. R. Gumbs et al., 2019). Brains were sectioned coronally on a
cryostat at 250 μm and sections were placed in RNAlater (Ambion, Waltham, MA) to be
punched according to the Paxinos rat brain atlas (Paxinos & Watson, 2007). The Arc, Bregma 1.72 till -3.00, LHA, Bregma -1.20 till -3.00, VTA, Bregma -4.68 till -6.24, and NAc, Bregma 3.00
till -0.84, were isolated using a 1 mm-diameter blunt punching needle. Punches were placed
in 500 μL TriReagent (Qiagen), and homogenized using an Ultra Thurrax homogenizer (IKA,
Staufen, Germany). RNA extraction was done by a chloroform extraction followed by RNA
purification using the Machery Nagel nucleospin RNA clean-up kit. RNA quality was
determined using Agilent RNA nano chips, and was analyzed with a Bioanalyzer (Agilent,
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Santa Clara, USA). Only RIN values above 8.50 were included. cDNA synthesis was carried out
using equal RNA input for the LHA, VTA, and NAc (300 ng; as measured with Denovix DS11;
Denovix, Wilmington) and the transcriptor first-strand cDNA synthesis kit with oligo d(T)
primers (04897030001; Roche Molecular Biochemicals, Mannheim, Germany). cDNA
synthesis for the Arc was carried out using 125 ng RNA input. cDNA synthesis reactions
without reverse transcriptase were used as a control for genomic DNA contamination. RTqPCR was performed for Npy, Npy1r, Npy2r, Npy4r, Npy5r, and the reference genes UbiquitinC, Hypoxanthine guanine phosphoribosyl transferase, Cyclophilin-A, and B-actin (see Table 1
for all primer sequences), using the SensiFAST no-rox kit (Bioline, London, UK) and
Lightcycler® 480 (Roche Molecular Biochemicals). cDNA (2 μL) was incubated in a final
reaction volume of 10 μL containing SensiFAST and 25 ng per primer. PCR products were
analyzed on a DNA agarose gel for qPCR product size. RT-qPCR quantification was performed
using LinReg Software (Ramakers, Ruijter, Deprez, & Moorman, 2003). Samples deviating >5%
from the mean PCR efficiency and outliers (Grubb’s test) were excluded. Values were
normalized using the geometric mean of the three reference genes.

Table 1. Primer sequences.
Gene
NCBI reference Forward primer 5’- 3’
Reverse primer 5’- 3’
number
Npy
NM_012614.2
GACAATCCGGGCGAGGACGC
TCAAGCCTTGTTCTGGGGGCA
NM_001113357.1 TCTCATCGCTGTGGAACGTC
Npy1r
CCGCCAGTACCCAAATGACA
Npy2r
NM_023968.1
TGGTCCTTATACTGGCCTAT
CAGGGTGTTCACCAAAAGAT
Npy4r
NM_031581.2
CATGGACTACTGGATCTTCG
AATGAACCAGATGACCACAA
Npy5r
NM_012869.1
GCCGAAGCATAAGCTGTGGAT
TTTTCTGGAACGGCTAGGTGC
TCGTACCTTTCTCACCACAGTATCTAG
GAAAACTAAGACACCTCCCCATCA
Ubiquitin-C NM_017314.1
HPRT
NM_012583.2
CCATCACATTGTGGCCCTCT
TATGTCCCCCGTTGACTGGT
Cyclo-A
NM_017101.1
TGTTCTTCGACATCACGGCT
CGTAGATGGACTTGCCACC
ß-actin
NM_031144.3
CATGTACGTAGCCATCCAGGC
CTCTTTAATGTCACGCACGAT
Cyclo-A = Cyclophilin-A, HPRT = Hypoxanthine guanine phosphoribosyl transferase, Npy =
Neuropeptide Y, Npr1r = Neuropeptide Y receptor 1, Npr2r = Neuropeptide Y receptor 2, Npy4r =
Neuropeptide Y receptor 4, Npy5r = Neuropeptide Y receptor 5

Localization of NPY neurons in the LHA by immunocytochemistry
Procedures for NPY immunocytochemistry have been described before (M. C. R. Gumbs et al.,
2019). Briefly, rats were infused with colchicine (N = 6), and perfused with cold saline and 4%
paraformaldehyde after i.p. injected pentobarbital. Brains were post-fixed for 24 hours in 4%
PFA, cryoprotected in 30% sucrose/phosphate-buffered saline (PBS), and subsequently frozen
on dry ice and stored at -80 °C. Cryostat sections (35 μm) were kept at -20 ˚C in
cryoprotectant (30% v/v glycerol, 30% v/v glyceraldehyde, 40% v/v 10xPBS).
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Free-floating sections were washed in Tris-buffered saline (TBS; 50 mM Tris-Cl, 150 mM NaCl;
pH 7.6) and incubated with 1:1,000 rabbit anti-NPY [Niepke 26/11/1988, RRID: AB_2753189,
Netherlands Institute for Neuroscience, (Buijs, 1989)] in supermix (0.15 M NaCl, 0.05 M Tris,
0.25% w/v gelatin, 0.5% v/v Triton X-100, pH 7.6 at RT) in a humidified chamber for 1 hour at
RT and overnight at 4 ˚C. After TBS washes, sections were incubated 1:500 Alexa Fluor-488
donkey anti-rabbit IgG (H + L) (A21206, Invitrogen) in supermix for 1 hour at RT. After TBS
washes, sections were rinsed in PBS and incubated with 1:150 Hoechst (Pure Blue nuclear
staining dye 33342; Biorad Laboratories, Hercules) in 1xPBS for 15 min at RT. After TBS
washing, sections were coverslipped with Mowiol (10% w/v [Mowiol 4-88; Calbiochem,
Merck, Darmstadt, Germany] in 0.1 M Tris-HCL pH 8.5, 25% v/v glycerol), and stored at 4 ˚C in
the dark. Every sixth slice from Bregma -1.08 till -4.68 mm was sampled, and the Arc region
was used as a positive control. A detailed description of the antibody characterization can be
found in (M. C. R. Gumbs et al., 2019).
Fluorescent-stained slices were analyzed using widefield fluorescent microscopy on a
Zeiss Axiovert 200M with Plan-NeoFluar objectives at 2.5X (n.a. 0.075) and 5X (n.a. 0.16)
magnification to investigate local NPY peptide expression. Fluorescence was excited with an
HXP 120 V power supply metalhalide lamp with excitation filters 365/12 nM (Hoechst),
470/40 nM (Alexa Fluor 488), and emission filters >397 nM, and 515/30 nM, respectively.
Images were obtained with a black and white camera (ExiAqua, QImaging) and ImageProPlus
software (version 6.3, Media Cybernetics, USA), and subsequently analyzed using ImageJ
software (version 1.50i, National Institutes of Health, USA).
Statistics and analyses
RT-qPCR quantification was performed using LinReg Software (Ramakers et al., 2003).
Samples deviating >5% from the mean PCR efficiency and outliers (Grubb’s test) were
excluded, which lead to a minimal sample size of N = 5 per group. Values were normalized
against Cyclophilin-A expression levels, as the other genes were not stably expressed in each
region of interest between the diet groups. To compare the expression level of Npy and the
Npyr between regions, data are presented relative to Arc expression levels after correcting for
RNA input. To assess the effect of diet and/or time of day on gene expression levels, Two-way
ANOVA analyses were performed on Cyclophilin-A corrected expression levels, followed by
uncorrected Fisher’s LSD post hoc testing for exploratory analysis. All statistical analyses were
performed using Graphpad Prism 8 (version 8.0.2 [263], January 30, 2019). P-values < 0.1 are
reported exactly and detailed in supplemental Table 1. All data are mean ± SEM.
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Results
Regional Npy and Npyr gene expression
To determine the expression level of Npy and Npyr in the Arc, LHA, VTA and NAc, we assessed
gene expression in CHOW-fed control animals at ZT4, which is summarized in Table 1.

Table 1. Regional Npy and Npyr gene expression.
Gene
Npy
Npy1r
Npy2r
Np4r
Npy5r

Brain region
Arc
LHA

VTA

NAc

100 %
100 %
100 %
100 %
100 %

2.9 ± 0.2 %
4.2 ± 0.4 %
2.7 ± 0.3 %
118.6 ± 12.8 %
12.5 ± 1.3 %

31.2 ± 1.0 %
10.0 ± 0.8 %
9.5 ± 0.6 %
n.d.
21.5 ± 2.5 %

8.4 ± 0.9 %
7.6 ± 0.7 %
73.3 ± 11.6 %
44.3 ± 2.8 %
12.9 ± 0.7 %

All gene expression values are expressed as a percentage of Arc gene
expression of the respective gene to enable easier comparison. Arc = arcuate
nucleus, LHA = lateral hypothalamic area, NAc = nucleus accumbens, n.d. = not
detected, VTA = ventral tegmental area.

Expression levels of Npy, Npy1r, Npy2r, Npy4r, and Npy5r were highest in the Arc compared
to the other brain regions. Compared to the Arc, the NAc and LHA had lower Npy expression.
Npy expression in the VTA was very low compared to the Arc.
The distribution of Npyr expression also differed per region. Second to the Arc, Npy1r
expression was highest in the NAc, and the LHA and VTA contained relatively low Npy1r
expression. Npy2r and Npy4r expression showed more variation between the regions. Npy2r
expression was relatively high in the Arc and LHA, whereas little expression was observed in
the NAc, and very little relative Npy2r expression was observed in the VTA. Though Npy4r
expression was low in all of the brain regions examined, Npy4r was comparably expressed in
the Arc and VTA, with lower levels in the LHA. In addition, Npy4r expression was not
detectable in the NAc. Lastly, Npy5r expression was highest in the NAc after the Arc, whereas
the LHA and VTA contained comparable Npy5r expression relative to the Arc.
Diet intervention
Prior to diet exposure, animals from both groups showed comparable body weight and caloric
intake. After diet exposure, fcHFHS-fed animals increased caloric intake compared to CHOWfed animals. Epididymal fat pad weight was increased in the fcHFHS group at the end of the
experiment compared to that of the CHOW group. Table 2 shows an overview of the
characteristics of dietary intervention.
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Table 2. Characteristics of dietary intervention.
Pre-diet
End BW
EWAT/100 gr
BW (gr)¶
(gr)
BW
CHOW
243 ± 2
410 ± 50.5 ± 0.0fcHFHS
243 ± 2
433 ± 7*
0.9 ± 0.1*

Caloric
intake/day#
72 ± 1.998 ± 5.4*

Component (%)

na
chow 47 ± 3.1
fat 15 ± 1.8
sucrose 39 ± 3.4
¶Body weight presented as mean body weight for the week before diet
intervention. #Caloric intake in kcal during experimental diet consumption. BW =
body weight, EWAT = epididymal fat pad weight, na = not applicable, * p < 0.05
compared to the CHOW group, data are presented as mean ± SEM.

Effects of six weeks fcHFHS diet consumption on Npyergic gene expression
Arc Npyergic expression is similar after six weeks of CHOW or fcHFHS diet consumption
Two-way ANOVA analysis revealed similar Arc Npy expression in CHOW- and fcHFHS-fed rats
at both time points, with no significant main effects of Diet, Time, or an Interaction effect (see
Figure 2A, and supplemental Table 1). In addition, Two-way ANOVA analysis revealed that Arc
Npy1r, Npy2r, Npy4r, and Npy5r expression were not affected by main effects of Diet, Time or
an Interaction effect (all p > 0.05, see Figures 2B-E, and supplemental Table 1).

Figure 2. Arc Npy and Npyr expression levels are unchanged after six weeks of fcHFHS diet
consumption or by time of the day. A) Arc Npy, B) Npy1r, C) Npy2r, D) Npy4r, and E) Npy5r mRNA
expression were unchanged between CHOW- and fcHFHS-fed rats when measured at ZT4, as well as
when measured at ZT16 as determined by Two-way ANOVA analysis. See text for details.
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LHA Npy expression is altered after six weeks of fcHFHS diet consumption
Two-way ANOVA analysis of LHA Npy expression in CHOW- and fcHFHS-fed rats revealed a
significant Interaction effect (F1,22 = 7.36, p = 0.01), and no significant main effects of Diet
(F1,22 = 4.04, p > 0.05), or Time (F1,22 = 0.00, p > 0.05; see Figure 3A). Post hoc analysis revealed
that LHA Npy mRNA expression was significantly higher in the fcHFHS-fed group vs. the
CHOW-fed group at ZT16 (t6,6 = 3.22, p = 0.004). In addition, post hoc analysis showed a trend
for lower Npy expression at ZT16 vs. ZT4 in the CHOW-fed group (t7,6 = 1.96, p = 0.06), and a
trend for higher Npy expression at ZT16 vs. ZT4 in the fcHFHS-fed group (t7,6 = 3.22, p = 0.07).
All other comparisons; p > 0.05.
Two-way ANOVA analysis also revealed that LHA Npy1r, Npy2r, Npy4r, and Npy5r
expression were not affected by main effects of Diet, Time or an Interaction effect (see
Figures 3B-E, and supplemental Table 1).

Figure 3. LHA Npy expression is increased after six weeks of fcHFHS diet consumption at ZT16. A)
Two-way ANOVA analysis revealed a significant Interaction effect for LHA Npy expression (F1,22 = 7.36,
p = 0.01). Post hoc analysis indicated increased Npy expression in fcHFHS- vs. CHOW-fed rats at ZT16
(t6,6 = 3.22, p = 0.004). In addition, comparison of ZT16 vs. ZT4 gene expression showed trends for
lower Npy expression in the CHOW-fed group (t7,6 = 1.96, p = 0.06), and higher Npy expression in the
fcHFHS-fed group (t7,6 = 3.22, p = 0.07). B) Npy1r, C) Npy2r, D) Npy4r, and E) Npy5r mRNA expression
were unchanged in the LHA of CHOW- and fcHFHS-fed rats when measured at ZT4, as well as when
measured at ZT16 as determined by Two-way ANOVA analysis. ** p < 0.01, $ p = 0.06, # p = 0.07.
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VTA Npyergic expression is simliar after six weeks of CHOW or fcHFHS diet consumption
Two-way ANOVA analysis revealed that VTA Npy expression was not affected by main effects
of Diet, Time or an Interaction in CHOW- and fcHFHS-fed rats (see Figure 4A, and
supplemental Table 1).
Two-way ANOVA analysis also revealed that VTA Npy1r, Npy2r, Npy4r, and Npy5r gene
expression were similar over the different groups, with no main effects of Diet, Time, or an
Interaction effect (see Figures 4B-C, and supplemental Table 1).

Figure 4. VTA Npy and Npyr expression levels are unchanged after six weeks of fcHFHS diet
consumption or by time of the day. A) VTA Npy, B) Npy1r, C) Npy2r, D) Npy4r, and E) Npy5r mRNA
expression is unchanged in fcHFHS- vs. CHOW-fed rats when measured at ZT4, as well as when
measured at ZT16 as determined by Two-way ANOVA analysis. See text for details.

NAc Npy1r expression is altered after six weeks of fcHFHS diet consumption
Two-way ANOVA analysis revealed similar NAc Npy expression in CHOW- and fcHFHS-fed rats
at both time points, with no significant main effects of Diet, Time or an Interaction effect (see
Figure 5A, and supplemental Table 1).
NAc Npy1r expression was affected by a significant main effect of Time (F1,24 = 9.33, p
= 0.005), and trends for an effect of Diet (F1,24 = 4.3, p = 0.05), and an Interaction effect (F1,24 =
3.09, p = 0.09; see Figure 5B) as revealed by Two-way ANOVA analysis. Post hoc analysis
revealed a significant decrease in Npy1r expression for fcHFHS- vs. CHOW-fed rats at ZT4 (t7,7
= 2.70, p = 0.01). In addition, Npy1r expression was lower at ZT4 vs. ZT16 in fcHFHS-fed rats
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(t7,7 = 3.4, p = 0.002). No difference was found in NAc Npy1r expression between CHOW- and
fcHFHS-fed rats at ZT16 (t7,7 = 0.22; p > 0.05), or between NAc Npy1r expression at ZT4 and
ZT16 in CHOW-fed rats (t7,7 = 0.92, p > 0.05).
For NAc Npy2r, Two-way ANOVA analysis revealed a trend for an effect of Time (F1,24 =
3.95, p = 0.06), and no effect of Diet (F1,24 = 1.38, p > 0.05), or an Interaction effect (F1,24 =
0.26, p > 0.05). A statistically unjustified post hoc analysis indicated a difference in NAc Npy2r
expression at ZT4 vs. ZT16 in fcHFHS-fed rats (t7,7 = 2.21, p = 0.04; see Figure 5C). The
expression level of Npy4r in the NAc did not reach plateau during the qPCR program in
samples from both CHOW- and fcHFHS-fed rats (see Figure 5D). Lastly, NAc Npy5r expression
was not affected by main effects of Diet, Time or an Interaction effect (see Figure 5E and
supplemental Table 1).

Figure 5. NAc Npy1r expression is decreased at ZT4 after six weeks of fcHFHS diet consumption. A)
NAc Npy expression was similar over all groups. B) NAc Npy1r mRNA expression was affected by Time
(F1,24 = 9.33, p = 0.005), Diet (F1,24 = 4.3, p = 0.05), and an Interaction effect (F1,24 = 3.09, p = 0.09). Post
hoc analysis revealed a significant difference between Npy1r expression in fcHFHS- vs. CHOW-fed rats
at ZT4 (t7,7 = 2.70, p = 0.01), and a difference in expression at ZT4 vs. ZT16 for fcHFHS-fed rats (t7,7 =
3.4, p = 0.002). C) Two-way ANOVA analysis revealed a trend for an effect of Time (F1,24 = 3.95, p =
0.06) on NAc Npy2r mRNA expression. D) NAc Npy4r was undetectable at both time points and in both
diet groups, E) NAc Npy5r mRNA expression was simliar between fcHFHS- and CHOW-fed rats. n.d. =
not detected, (*) p < 0.05 and see text for details.
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Immunocytochemical localization of NPY neurons in the LHA
We here show that the LHA expresses Npy mRNA, which also varies with diet and time. In
studies of feeding behavior, the focus has always been on Npy gene expression in Arc.
However, our data indicate that the LHA harbors NPY neurons.
According to our RT-qPCR findings, Npy is expressed in the LHA to a lower extent
compared to the Arc (see Figure 1). Though Npy-expressing neurons have been described in
the LHA in the mouse and the LHA in the rat (Chronwall et al., 1985; de Quidt & Emson,
1986a; Kosse & Burdakov, 2016; Marston, Hurst, Evans, Burdakov, & Heisler, 2011), the
expression patterns differ between these species. We have not been able to replicate the
localization of LHA NPY- or Npy-expressing neurons mentioned previously, which may also be
due to reasons such as advances in the rat brain atlas over the course of 30 years. The most
recent and very well executed study of NPY neurons in the rat LHA was limited to the
posterior region of the LHA (Abrahamson & Moore, 2001). Therefore, we investigated the
expression of NPY throughout the LHA in the male Wistar rat using immunocytochemistry.
Throughout the rostro-caudal extent of the LHA, NPY-immunoreactive cell bodies were only
located in the LHA in posterior regions of the LHA (see Figures 6A-B, pg. 60). In addition, a
relatively high density of NPY-immunoreactive fibers was found surrounding the fornix mainly
in the medial part of the LHA in the anteroposterior direction. In addition, we found a band of
NPY-immunoreactive cell bodies in a diagonal band in the coronal plane, extending from the
tuberal region of the lateral hypothalamus towards the third ventricle and located ventral of
the fornix and dorsal of the ventromedial hypothalamus (see Figures 6C-D). Apart from the
LHA, NPY-immunoreactive cells were found sporadically in the VMH (data not shown).

Discussion
Here, we show differential expression for the different NPY receptors in the Arc, LHA, VTA
and NAc. We also provide details on the distribution of Npy-expressing cells throughout the
LHA. Our data indicate that six weeks fcHFHS diet consumption specifically affects Npy
expression in the LHA, and Npy1r expression in the NAc in fcHFHS- compared to CHOW-fed
rats. Lastly, we show that six weeks consumption of a fcHFHS diet does not affect Npy or Npyr
gene expression in the Arc or VTA compared to consumption of a CHOW diet.
Regional Npy mRNA expression
We observed Npy mRNA expression in the Arc, NAc and LHA, which is in accordance with data
from others, such as the abundance of NPY in the Arc (Chronwall, 1985; Gehlert, Chronwall,
Schafer, & O'Donohue, 1987), and the presence of NPY in the NAc (Chronwall et al., 1985; de
Quidt & Emson, 1986). We show relatively low levels of Npy in the VTA, which is consistent
with our previous study that shows that the VTA does not express Npy or NPY under normal
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Figure 6. Immunohistochemical localization of NPY-immunoreactive cell bodies in the LHA. A) NPYimmunoreactive cell bodies were located in the posterior part of the LHA at Bregma -4.36 mm, B)
shows the inset indicated in A, with white arrows pointing to NPY-immunoreactive cell bodies. C) At
Bregma -2.16 mm, a band of NPY-immunoreactive fibers is seen in an area medial and ventral to the
fornix, D) shows the inset indicated in C, with white arrows pointing to NPY-immunoreactive cell
bodies. All Bregma are according to (Paxinos & Watson, 2007). 3V = third ventricle, fx = fornix, mt =
mammillothalamic tract, scale bar is 250 μm.

physiological circumstances (M. C. R. Gumbs et al., 2019). Instead, these Npy levels likely
reflect contamination by Npy mRNA in adjacent regions such as the supramammillary nucleus
(M. C. R. Gumbs et al., 2019). A relatively low level of Npy mRNA expression was found in the
LHA. However, as opposed to the VTA, we detected NPY-protein expressing cells in the LHA.
The exact localization of LHA NPY/Npy neurons had not been reported on extensively in the
rat, and differs from the distribution seen in the mouse model expressing green-fluorescent
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protein under the NPY promotor (Chronwall et al., 1985; de Quidt & Emson, 1986a; Kosse &
Burdakov, 2016). The LHA is mostly considered as an output structure for the Arc NPY system
(Elias et al., 1998). Indeed, we found a relatively high density of NPY-immunoreactive fibers
surrounding the fornix, and postulate the Arc or hindbrain regions (e.g. the nucleus of the
solitary tract, and caudal medullary reticular formation) as likely candidates for input sources
(Carstens, Leah, Lechner, & Zimmermann, 1990; Elias et al., 1998). We also localized NPYimmunoreactive cell bodies to the posterior part of the LHA, as previously reported
(Abrahamson & Moore, 2001; M. C. R. Gumbs et al., 2019), and additionally localized a band
of NPY-immunoreactive cell bodies to an anterior region extending from the tuberal lateral
hypothalamus to the third ventricle, which may be partly reckoned to the anterior
hypothalamic area according to the rat brain atlas (Paxinos & Watson, 2007).
The effects of six weeks fcHFHS diet consumption Npy and Npyr gene expression
Arc Npy gene expression is not altered by six weeks of fcHFHS consumption or time of day
Previously, we showed that Npy mRNA expression in the Arc was increased after one week of
fcHFHS diet consumption, however, expression was similar to CHOW-fed rats after four weeks
of fcHFHS diet consumption (la Fleur et al., 2010; van den Heuvel, Eggels, Fliers, et al., 2014).
In this study, we also show that after six weeks of fcHFHS diet consumption, no differences
are observed in Arc Npy expression. In addition, Arc Npyr gene expression was also not
altered by six weeks of fcHFHS diet consumption. Arc Npy and Npyr expression also did not
differ between the two time points measured. Though the data are not consistent, Arc NPY
peptide and Npy mRNA have been shown to fluctuate in circadian way in male mice and rat.
For example, a peak in Npy prior to the start of the dark period has been reported
(Akabayashi et al., 1994; Stutz, Staszkiewicz, Ptitsyn, & Argyropoulos, 2007; D. Wang et al.,
2017), although an additional peak in the second half of the dark period is also described
(Stutz et al., 2007; D. Wang et al., 2017). It has, however, also been described that Npy mRNA
peaks in the beginning of the light period in tissue punches containing the Arc (Xu, Kalra,
Farmerie, & Kalra, 1999), whereas a study in mice report a peak in the early dark period
(Kohsaka et al., 2007). We measured Npy expression at ZT4 and ZT16, which would be in line
with missing the peak at the end of the light period as described by Akabayashi et al. (1994),
Stutz et al. (2007), and Wang et al. (2017).
The daily rhythm in LHA Npy expression is altered after six weeks of fcHFHS diet consumption
Interestingly, Npy expression in the LHA showed an interaction effect between diet and time,
which was explained by increased expression in the fcHFHS- vs. the CHOW-fed group in the
dark period. In addition, in the CHOW-fed group, LHA Npy expression showed a trend to
decrease from ZT4 to ZT16, whereas in the fcHFHS-fed group, LHA Npy expression showed a
trend to increase from ZT4 to ZT16. These data point to an obesogenic diet-induced alteration
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in the rhythm in Npy gene expression in the LHA. No studies have looked at circadian
rhythmicity in Npy mRNA levels specifically in the rat LHA. NPY peptide levels have been
measured in the perifornical LHA of male rats, but no rhythm was detected in the LHA
(Jhanwar-Uniyal et al., 1990). In female Wistar rats, however, LHA NPY peptide levels were
higher three hours after dark onset (i.e. ZT15) compared to three hours before dark onset (i.e.
ZT9; [McKibbin, Rogers, & Williams, 1991]). Interestingly, this was specific to the LHA, as other
areas within the hypothalamus, such as the Arc, did not show day-night differences. This
would point to a day-night effect on the expression of local NPY in the LHA and not on NPY
peptide release from afferent fibers originating in the Arc. The female rats showed higher NPY
peptide in the dark period, which is opposite to the slightly lower mRNA expression levels we
observe in male rats. This could be due to a gender difference, but more studies are needed
to confirm this.
Importantly, measuring only two time points does not provide full information on the
possible rhythmicity of LHA Npy mRNA levels. It may be that other factors, such as food
intake, contribute to the differences seen at the beginning of the light period vs. the
beginning of the dark period. The rhythmicity of LHA Npy mRNA expression, as well as other
possible factors that may affect LHA Npy mRNA expression, thus requires further
investigation. In addition, the possible circadian regulation of LHA Npy mRNA levels, and the
(dys)regulation in DIO warrants further attention to the NPY populations in the LHA of the rat.
VTA and NAc Npy gene expression does not explain changes in motivation in fcHFHS-fed rats
We hypothesized changes in the NPY systems in the reward system based on increased
motivation to work for a sugar reward in rats that consumed a fcHFHS diet for two weeks (la
Fleur et al., 2007), and the stimulating effects of NPY on motivation (Jewett et al., 1995;
Pandit et al., 2014a). However, VTA and NAc Npy expression were unaffected by six weeks
consumption of a fcHFHS diet, or by time of the day. As mentioned above, we previously
concluded that NPY neurons are absent in the VTA under normal physiological circumstances
(M. C. R. Gumbs et al., 2019), and extend this here that, also, no changes are observed under
obesogenic conditions. We confirm that the NAc expresses Npy mRNA and show that Npy
mRNA expression is not affected by six weeks of fcHFHS diet consumption or by time of the
day. Changes in local VTA or NAc Npy mRNA thus do not explain changed motivation in
animals that consume a fcHFHS diet for six weeks. Therefore, if increased NPY levels play a
role in mediating increased motivation in rats consuming a fcHFHS diet, it is more likely to
come from an afferent projection (e.g. the Arc or brainstem NPY neurons [Elias et al., 1998;
M. C. R. Gumbs et al., 2019]). However, the Npyr expression levels are also not changed in the
VTA and NAc, which suggests that if fcHFHS-fed rats show increased NPY release in the VTA or
NAc, this does not lead to changes in NPYR levels. Alternatively, the NPYR in the VTA and NAc
may have undergone posttranslational changes that alter their sensitivity to NPY making it
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unlikely to see changes in Npyr expression after six weeks diet consumption. Future studies
should confirm that the motivation to acquire food is still increased after six weeks fcHFHS
diet consumption, and if NPY release or peptide levels are altered in the reward-related
regions.
Npyr gene expression is only affected in the NAc after six weeks of fcHFHS consumption
We hypothesized changes in Npyr expression after fcHFHS diet consumption given the earlier
reported increased sensitivity to NPY when animals are fed an obesogenic diet (Hansen et al.,
2004; van den Heuvel, Eggels, van Rozen, et al., 2014). Acute and prolonged consumption of
an obesogenic diet increases the excitability of Arc NPY neurons, which might lead to
enhanced release in projection areas (Baver et al., 2014; W. Wei et al., 2015). This might
subsequently lead to changes in NPYR expression or function. We did not, however, observe
changes in Npyr mRNA in the Arc, LHA, and VTA after 6 weeks of fcHFHS diet. This is in
contrast to earlier reports that showed that NPYR2/NPY5R protein levels increased after 6
weeks consumption of a non-choice high-sugar obesogenic diet in several brain regions,
including the Arc and LHA, (Widdowson et al., 1997). It could well be that differences are only
observable at the protein level.
We do show that Npy1r expression in the NAc was likely affected by diet, depending
on the time of the day. We observed a reduction in NAc Npy1r expression after consumption
of the fcHFHS diet at ZT4, whereas the fcHFHS group did not show decreased NAc Npy1r
mRNA at ZT16. We have shown that NPY1R in the NAc can mediate fat intake after intra-NAc
NPY infusion in fcHFHS-fed rats (van den Heuvel et al., 2015), and that NPY in the NAc is
involved in stimulating food-motivated behavior (Pandit et al., 2014a). We here show a clear
day-night difference occurring in Npy1r mRNA expression which could underlie the clear
diurnal rhythm in fat intake, which is more pronounced than the rhythm observed for chow
and sugar intake in fcHFHS-fed rats (la Fleur et al., 2014). Whether a rhythm in Npy1r in the
NAc is casually related to fat intake remains to be studied. We also did not observe a clear
upregulation of Npy1r in the NAc that might explain the higher sensitivity to NPY in animals
consuming a fcHFHS diet for at least four weeks.

Summary
In this study, our aim was to determine if four weeks consumption of a fcHFHS obesogenic
diet would affect Npy and Npyr gene expression in two hypothalamic brain regions, the Arc
and LHA, and in two reward-related brain regions, the VTA and NAc. Our data indicate that
long-term consumption of a fcHFHS diet leads to alterations in the central NPY systems.
Specifically, Npy expression in the LHA, and Npy1r expression in the NAc are regulated
differently compared to the expression in CHOW-fed rats. Moreover, our data indicate that
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the role of the NPYR in mediating increased obesogenic diet-induced NPY sensitivity is not
apparent in Npyr gene expression levels in the Arc, LHA, VTA, or NAc. Further studies could
focus on changes in NPY and NPYR peptide levels, and changes in posttranslational processes
as NPYR are G-protein-coupled receptors. In addition, future studies should assess the
functional implications of these changes for the development and maintenance of obesity,
and determine whether they are adaptive or maladaptive. It is known that the central NPY
system is disrupted in diet-induced obesity, however the exact disruptions are not elucidated
as of yet. Our study specifies distinct diet-induced alterations in regional NPY systems and
indicates the existing knowledge gaps on the role of NPY and specific NPYR’s in the LHA, VTA,
and NAc in mediating food intake and motivational behaviors.
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Supplemental Materials
Supplemental Table 1. Statistical details.
Area Gene Statistics
Arc
Npy
Diet F1,23 = 1.66, p > 0.05; Time F1,23 = 0.00, p > 0.05; Interaction F1,23 = 0.07, p > 0.05
Npy1r Diet F1,21 = 0.03, p > 0.05; Time F1,21 = 0.45, p > 0.05; Interaction F1,21 = 1.57, p > 0.05
Npy2r Diet F1,24 = 0.12, p > 0.05; Time F1,24 = 0.25, p > 0.05; Interaction F1,24 = 0.09, p > 0.05
Npy4r Diet F1,24 = 0.13, p > 0.05; Time F1,24 = 0.00, p > 0.05; Interaction F1,24 = 1.32, p > 0.05
Npy5r Diet F1,24 = 0.09, p > 0.05; Time F1,24 = 0.83, p > 0.05; Interaction F1,24 = 0.01, p > 0.05
LHA

Npy

Npy1r
Npy2r
Npy4r
Npy5r

Diet F1,22 = 4.04, p > 0.05; Time F1,22 = 0.00, p > 0.05; Interaction F1,22 = 7.36, p = 0.01
- ZT16: fcHFHS- vs. the CHOW-fed group t6,6 = 3.22, p = 0.004
- CHOW-fed group: ZT4 vs. ZT16 t7,6 = 1.96, p = 0.06
- fcHFHS-fed group: ZT4 vs. ZT16 t7,6 = 3.22, p = 0.07
Diet F1,22 = 0.66, p > 0.05; Time F1,22 = 1.41, p > 0.05; Interaction F1,22 = 0.26, p > 0.05
Diet F1,22 = 1.48, p > 0.05; Time F1,22 = 0.16, p > 0.05; Interaction F1,22 = 0.17, p > 0.05
Diet F1,24 = 0.96, p > 0.05; Time F1,24 = 0.00, p > 0.05; Interaction F1,24 = 0.37, p > 0.05
Diet F1,24 = 0.68, p > 0.05; Time F1,24 = 0.91, p > 0.05; Interaction F1,24 = 1.03, p > 0.05

VTA

Npy
Npy1r
Npy2r
Npy4r
Npy5r

Diet F1,22 = 0.08, p > 0.05; Time F1,22 = 0.46, p > 0.05; Interaction F1,22 = 0.02, p > 0.05
Diet F1,22 = 0.68, p > 0.05; Time F1,22 = 0.66, p > 0.05; Interaction F1,22 = 1.31, p > 0.05
Diet F1,22 = 0.03, p > 0.05; Time F1,22 = 2.85, p > 0.05; Interaction F1,22 = 0.57, p > 0.05
Diet F1,22 = 0.43, p > 0.05; Time F1,22 = 0.24, p > 0.05; Interaction F1,22 = 0.90, p > 0.05
Diet F1,22 = 0.01, p > 0.05; Time F1,22 = 0.39, p > 0.05; Interaction F1,22 = 0.03, p > 0.05

NAc

Npy
Npy1r

Diet F1,24 = 0.07, p > 0.05; Time F1,24 = 0.70, p > 0.05; Interaction F1,24 = 1.34, p > 0.05
Diet F1,24 = 4.3, p = 0.05; Time F1,24 = 9.33, p = 0.005; Interaction F1,24 = 3.09, p = 0.09
- ZT4: fcHFHS- vs. CHOW-fed groups t7,7 = 2.70, p = 0.01
- ZT16: fcHFHS- vs. CHOW-fed groups t7,7 = 0.22; p > 0.05
- CHOW-fed group: ZT4 vs. ZT16 t7,7 = 0.92, p > 0.05
- fcHFHS-fed group: ZT4 vs. ZT16 t7,7 = 3.4, p = 0.002
Diet F1,24 = 1.38, p > 0.05; Time F1,24 = 3.95, p = 0.06 Interaction F1,24 = 0.26, p > 0.05
- fcHFHS-fed group: ZT4 vs. ZT16 (t7,7 = 2.21, p = 0.04
Not applicable
Diet F1,24 = 0.19, p > 0.05; Time F1,24 = 2.29; Interaction F1,24 = 0.04, p > 0.05

Npy2r
Npy4r
Npy5r

Arc = arcuate nucleus of the hypothalamus, LHA = lateral hypothalamic area, NAc = nucleus
accumbens, Npy = Neuropeptide Y, Npy1r/Npy2r/Npy4r/Npy5r = Neuropeptide Y receptor subtype
1/2/4/5, VTA = ventral tegmental area. All data were tested using Two-way ANOVA analysis and
subsequently Fisher’s LSD post hoc testing.
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Effects of a 24-hour acute fast on NPY-related gene expression
in hypothalamic and mesolimbic brain regions

Chapter IV

Abstract
Central Neuropeptide Y (NPY) promotes caloric intake in order to maintain energy balance.
Npy-expressing neurons in the arcuate nucleus (Arc) of the hypothalamus sense peripheral
signals of energy status, and during fasting and subsequent refeeding, Arc Npy expression and
NPY levels are increased and normalized, respectively. Arc NPY neurons project to several
hypothalamic- and extrahypothalamic regions, which contain neurons expressing one or more
NPY receptor types (NPYR). The role of the paraventricular nucleus (PVN) in mediating NPYinduced intake has received a lot of attention. However, the lateral hypothalamus (LHA),
ventral tegmental area (VTA), and nucleus accumbens (NAc) also receive Arc NPY projections.
In addition, the LHA and NAc locally express NPY, whereas the VTA may only express NPY
under certain physiological circumstances. Importantly, the LHA, NAc, and VTA also mediate
NPY-induced behaviors, such as caloric intake and motivated behaviors. Nevertheless, the
role of NPY in these regions has received much less attention. Here, we determined if a 24hour fast, which increases Npy expression in the Arc, modulates Npy-, Npy1r-, Npy2r-, Npy4r-,
or Npy5r expression in the LHA, VTA and/or NAc.
Npy- and Npyr expression was quantified by RT-qPCR in the Arc, LHA, VTA, and NAc of
male Wistar rats after a 24-hour fast. Controls were not fasted. As Npy expression fluctuates
during the light-dark cycle, mRNA expression was determined at two time points: after the
onset of the light period as well as prior to the onset of the dark period.
The 24-hour fast increased Arc Npy expression, decreased Arc Npy1r expression early
in the light period, and decreased Arc Npy2r expression just prior to the onset of the dark
period. The 24-hour fast did not modulate Npy- or Npyr expression in the LHA, VTA, or NAc,
regardless of time of day.
These findings indicate that the Arc acts as a primary information relay regarding
energy state during a 24-hour fast, without any effects on Npy- or Npyr expression in
downstream brain regions.
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Introduction
The central Neuropeptide Y (NPY) system maintains energy balance through its effects on
caloric intake and energy metabolism. The arcuate nucleus (Arc) of the hypothalamus
contains Npy-expressing neurons and is a key brain region involved in the regulation of
energy homeostasis. NPY projections from the Arc to the paraventricular nucleus (PVN) of the
hypothalamus have received a lot of attention regarding their role in energy balance. Arc NPY
neurons sense peripheral signals of energy status (Kohno & Yada, 2012), and as a result, Npy
expression and NPY levels in the Arc fluctuate during physiological challenges, such as fasting
and subsequent refeeding (Hahn, Breininger, Baskin, & Schwartz, 1998; Marks, Li, Schwartz,
Porte, & Baskin, 1992). NPY levels and local release of NPY in the PVN also fluctuate
accordingly (Beck et al., 1990; Dube, Sahu, Kalra, & Kalra, 1992; Sahu, Kalra, & Kalra, 1988).
Arc NPY neurons project to several hypothalamic- and extrahypothalamic regions,
including the lateral hypothalamus (LHA), ventral tegmental area (VTA), and nucleus
accumbens (NAc), where they signal through four NPY receptor (NPYR) subtypes (NPY1R,
NPY2R, NPY4R, NPY5R; [Gumbs et al., 2019; Michel et al., 1998; Sim & Joseph, 1991; van den
Heuvel et al., 2015]). In the LHA, NPY peptide levels fluctuate with changes in energy balance,
and, although fasting does not affect LHA NPY peptide levels, subsequent refeeding results in
increased LHA NPY levels (Beck et al., 1990). In addition, infusion of exogenous NPY into the
LHA leads to a robust feeding response, which can be blocked by NPY1R- and NPY5R
antagonists (M.C.R. Gumbs et al., accepted; Stanley et al., 1993).
NPY regulates energy balance in part by modulation of hunger- and satiety processes.
However, NPY can also promote caloric intake by increasing the motivation to obtain food
(Jewett, Cleary, Levine, Schaal, & Thompson, 1995). Dopamine signaling, in particular the
dopamine projection from the VTA to the NAc, plays an important role in food-motivated
behavior (Hernandez & Hoebel, 1988; Meye & Adan, 2014; Wise, 2004). For example, intraNAc NPY increases the motivation to obtain a sucrose pellet, which has been proposed to
occur via increased dopamine release within the NAc (Pandit, Luijendijk, Vanderschuren, la
Fleur, & Adan, 2014).
Npy-expressing neurons have also been observed in the mouse LHA (Kosse &
Burdakov, 2016; Marston et al., 2011), whereas in rats Npy-expressing neurons have been
observed in the posterior LHA (Abrahamson & Moore, 2001; M.C.R. Gumbs et al., 2019;
chapter III, this thesis). The NAc also contains Npy-expressing neurons (Chronwall et al., 1985;
de Quidt & Emson, 1986), whereas the VTA does not express Npy during a normal
physiological state (Gumbs et al., 2019). Despite the presence of NPY and NPYR in the LHA,
VTA and NAc, and their role in mediating feeding behaviors, it is currently unclear if Npy- or
Npyr expression in the LHA, VTA or NAc is changed similar to Arc Npy during changes in the
physiological state.
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Here, we determined if a 24-hour fast changes the expression of Npy, Npy1r, Npy2r, Npy4r or
Npy5r in the Arc, LHA, VTA, or NAc of male Wistar rats compared to ad libitum-fed controls.
Because Arc Npy expression and NPY levels fluctuate during the light-dark cycle (Akabayashi,
Levin, Paez, Alexander, & Leibowitz, 1994; Jhanwar-Uniyal, Beck, Burlet, & Leibowitz, 1990),
we assessed gene expression early in the light period and just prior to the onset of the dark
period.

Experimental procedures
Animals and housing
Male Wistar rats (Charles River Breeding Laboratories, Sulzfeld, Germany), weighing 270-300
grams at arrival, were housed in temperature- (21 ± 2 ˚C), humidity- (60 ± 5%) and lightcontrolled (12h:12h light/dark cycle; lights on between 07:00 and 19:00) rooms with
background noise (radio) during the entire experiment. Rats had ad libitum access to a
container with a standard high-carbohydrate diet (Teklad global diet 2918; 24% protein, 58%
carbohydrate, and 18% fat, 3.1 kcal/g, Envigo, Horst, The Netherlands) and a bottle of tap
water. The animal ethics committee of the Netherlands Institute for Neuroscience approved
all experiments according to Dutch legal ethical guidelines.
Effects of a 24-hour fast on NPY-related mRNA levels
After seven days of acclimatization to the animal facility, naïve rats were fasted for 24 hours
starting either at 10:00 (i.e. ZT3) or at 18:00 (i.e. ZT11), while still having access to water.
Controls had free access to the diet and water during this period. The experiment was
therefore divided into two experimental groups. The first group was fed or fasted for 24
hours between 10:00 and 10:00 the next day (ZT3, N = 8 per group). The second group was
fed or fasted between 17:00 and 17:00 the next day (ZT10, N = 8 per group). Animals were
anesthetized using 33%CO2/66%O2 and then quickly decapitated. Brains were rapidly
dissected, frozen on dry ice and stored at -80 ˚C.
RNA isolation and RT-qPCR procedures have been published previously (M. C. R.
Gumbs et al., 2019). Sections (250 µm) were cut on the cryostat to obtain punches of the Arc
(Bregma -1.72 till -3.48 mm), and bilaterally of the LHA (Bregma -1.20 till -3.00 mm), VTA
(Bregma -4.68 till -6.24 mm), and NAc (Bregma 3.00 till -0.84 mm) according tot the rat brain
atlas (Paxinos & Watson, 2007). Sections were placed in RNAlater (Ambion, Waltham, MA,
USA), and punched with a 1 mm-diameter blunt needle. Punches were stored in 300 µL (Arc)
or 500 µL (LHA, VTA and NAc) TriReagent. After homogenization using an Ultra Turrax
homogenizer (IKA, Staufen, Germany), total RNA was isolated by a chloroform extraction,
followed by RNA purification using the Machery Nagel nucleospin RNA clean-up kit. RNA
quality was checked on Agilent RNA nano chips, using manufacturer’s kit and instructions and
analyzed with a Bioanalyzer (Agilent, Santa Clara, USA). Only RIN values larger than 8.50 were
70

Fasting and brain Npy mRNA

included. cDNA synthesis was carried out using equal RNA input (124.44 ng; measured with
Denovix DS11; Denovix, Wilmington, USA) and the transcriptor first-strand cDNA synthesis kit
with oligo d(T) primers (04897030001; Roche Molecular Biochemicals, Mannheim, Germany).
Genomic DNA contamination was controlled for by cDNA synthesis reactions without reverse
transcriptase.
Gene expression was measured using RT-qPCR with the SensiFAST SYBR no-rox kit
(Bioline, Londen, UK) and Lightcycler® 480 (Roche Molecular Biochemicals); 2 µL cDNA was
incubated in a final reaction volume of 10 µL reaction containing SensiFAST and 25 ng per
primer. Primer sequences for Npy, Npy1r, Npy2r, Npy4r, and Npy5r, and the reference genes
Ubiquitin-C, Hypoxanthine guanine phosphoribosyl transferase (HPRT), and Cyclophilin-A are
listed in Table 1. PCR products were analyzed on a DNA agarose gel for qPCR product size.

Table 1. Primer sequences.
Gene
NCBI reference Forward primer 5’- 3’
Reverse primer 5’- 3’
number
Npy
NM_012614.2
GACAATCCGGGCGAGGACGC
TCAAGCCTTGTTCTGGGGGCA
NM_001113357.1
Npy1r
TCTCATCGCTGTGGAACGTC
CCGCCAGTACCCAAATGACA
Npy2r
NM_023968.1
TGGTCCTTATACTGGCCTAT
CAGGGTGTTCACCAAAAGAT
Npy4r
NM_031581.2
CATGGACTACTGGATCTTCG
AATGAACCAGATGACCACAA
Npy5r
NM_012869.1
GCCGAAGCATAAGCTGTGGAT
TTTTCTGGAACGGCTAGGTGC
TCGTACCTTTCTCACCACAGTATCTAG
GAAAACTAAGACACCTCCCCATCA
Ubiq-C
NM_017314.1
HPRT
NM_012583.2
CCATCACATTGTGGCCCTCT
TATGTCCCCCGTTGACTGGT
Cyclo-A NM_017101.1
TGTTCTTCGACATCACGGCT
CGTAGATGGACTTGCCACC
Cyclo-A = Cyclophilin-A, HPRT = Hypoxanthine guanine phosphoribosyl transferase, Npy =
Neuropeptide Y, Npy1r = Neuropeptide Y receptor 1, Npy2r = Neuropeptide Y receptor 2, Npy4r =
Neuropeptide Y receptor 4, Npy5r = Neuropeptide Y receptor 5, Ubiq-C = Ubiquitin-C

Statistics and analyses
RT-qPCR quantification was performed using LinReg Software (Ramakers et al., 2003).
Samples deviating >5% from the mean PCR efficiency and outliers (Grubb’s test) were
excluded. Values were normalized against the geometric mean of Cyclophilin, Ubiquitin-c, and
HPRT expression levels. To assess the effect of fasting on gene expression levels, unpaired
parametric t-tests were performed. All statistical analyses were performed using Graphpad
Prism 8 (version 8.0.2 [263], January 30, 2019), and p-values < 0.1 are reported exactly. Full
statistical details and gene expression data are summarized in supplemental Table 1 (Table
S1). All data are presented as mean ± SEM.
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Results
Body weight was lower in the 24 hour-fasted rats compared to the ad libitum-fed rats when
measured at ZT3 (fasted: 313.9 ± 2.5 g; ad libitum: 324.9 ± 2.4 g; t7,7 = 3.17, p = 0.007). Body
weight did not differ significantly between fasted and ad libitum-fed control rats when
measured at ZT11 (fasted: 343.5 ± 4.1 g; ad libitum: 352.6 ± 4.1 g; t7,7 = 1.55, p > 0.05).

Figure 1. Time of day-dependent effects of a 24-hour fast on Npy- and Npyr expression in the Arc. A)
At ZT3, Arc Npy expression was increased (t5,5 = 4.83, *p = 0.0007), whereas Arc Npy1r expression was
decreased (t7,7 = 2.30, *p = 0.04) in 24 hour-fasted rats compared to ad libitum-fed controls. B) At
ZT10, Arc Npy2r expression was decreased in 24 hour-fasted rats compared to ad libitum-fed controls
(t7,7 = 2.22, * p = 0.04). n.d. = not detected.

Time of day-dependent effects of a 24-hour fast on Npy- and Npyr expression in the Arc
When measured at ZT3, unpaired t-test analyses revealed that the 24-hour fast increased Arc
Npy expression (t5,5 = 4.83, p = 0.0007), and decreased Arc Npy1r expression (t7,7 = 2.30, p =
0.04; see Figure 1A, and Table S1) compared to ad libitum-fed controls. The 24-hour fast did
not alter Npy2r- or Npy5r expression in the Arc (both p > 0.05; see Figure 1A, and Table S1).
Expression of Npy4r was not detectable in the Arc at ZT3.
When measured at ZT10, unpaired t-test analyses revealed that the 24-hour fast
decreased Arc Npy2r expression (t7,7 = 2.22, p = 0.04; see Figure 1B, and Table S1) compared
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to ad libitum-fed controls, yet did not alter Arc Npy-, Npy1r-, Npy4r-, or Npy5r expression (all
p > 0.05; see Figure 1B, and Table S1).
A 24-hour fast does not alter Npy- or Npyr expression in the LHA
When measured at ZT3, unpaired t-test analyses revealed that a 24-hour fast did not alter
Npy-, Npy1r-, Npy2r-, Npy4r-, or Npy5r expression in the LHA of 24 hour-fasted rats compared
to ad libitum-fed controls (see Figure 2, and Table S1). Gene expression was not tested at
ZT10.

Figure 2. A 24-hour fast does not alter Npy- or Npyr expression in the LHA. At ZT3, Npy- and Npyr
expression in the LHA are not altered by a 24-hour fast compared to ad libitum-fed controls (all p >
0.05).

A 24-hour fast does not alter Npy- or Npyr expression in the VTA
When measured at ZT3, unpaired t-test analyses revealed that a 24-hour fast did not alter
VTA Npy-, Npy1r-, Npy2r-, Npy4r-, or Npy5r expression in 24 hour-fasted rats compared to ad
libitum-fed controls (see Figure 3A, and Table S1).
When measured at ZT10, unpaired t-test analyses revealed that a 24-hour fast also did
not alter VTA Npy-, Npy1r-, Npy2r-, Npy4r-, or Npy5r expression in 24 hour-fasted rats
compared to ad libitum-fed controls (see Figure 3B, and Table S1).
A 24-hour fast does not alter Npy- or Npyr expression in the NAc
When measured at ZT3, unpaired t-test analyses revealed that a 24-hour fast showed a trend
to decrease NAc Npy5r mRNA (t7,7 = 1.98, p = 0.07; see Figure 4A, and Table S1). A 24-hour
fast did not affect NAc Npy-, Npy1r-, or Npy2r mRNA expression (all p > 0.05; see Figure 4A pg.
75, and Table S1). Expression of Npy4r was not detectable in the NAc at ZT3.
When measured at ZT10, unpaired t-test analyses revealed that a 24-hour fast did not
affect NAc Npy-, Npy1r-, Npy2r-, or Npy5r mRNA expression (all p > 0.05; Figure 4B pg. 75, and
Table S1). Expression of Npy4r was not detectable in the NAc at ZT10.
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Figure 3. A 24-hour fast does not alter Npy- or Npyr expression in the VTA. A) VTA Npy- and Npyr
mRNA expression are unaffected by a 24-hour fast at ZT3, nor B) at ZT10. All p > 0.05.

Discussion
The aim of this study was to determine if the expression of Npy and the Npyr in the LHA, VTA,
and NAc are altered following a 24-hour fast. We found that Arc Npy expression is increased,
whereas Arc Npy1r expression is decreased after a 24-hour fast compared to controls when
measured early in light period. We also found a trend for NAc Npy5r expression to decrease
compared to controls at this time point. When measured just prior to the onset of the dark
period, a 24-hour fast lowered Arc Npy2r expression compared to controls, whereas no
effects were observed in the NAc. Finally, a 24-hour fast did not alter Npy- or Npyr expression
in the LHA or VTA either early in the light period, or just prior to the onset of the dark period.
Thus, our findings show that a 24-hour fast can alter Npy- and Npyr expression in the Arc, and
possibly the NAc, without any effects in the LHA and VTA.
Effects of the 24-hour fast on Arc NPY-related gene expression
The 24-hour fast altered Npy-, Npy1r- and Npy2r expression, but not Npy4r- or Npy5r
expression in the Arc. The responsiveness of Arc Npy expression and Arc NPY levels to fasting
at a time point when Npy levels are generally low (i.e. after the dark phase when rats
generally have been eating; [Akabayashi et al., 1994]). The factors involved in mediating the
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Figure 4. A 24-hour fast does not affect Npy- or Npyr expression in the NAc. A) At ZT3, there is
statistical trend for decreased NAc Npy5r mRNA (t7,7 = 1.98, p = 0.07), and no effect of a 24-hour fast
on NAc Npy-, Npy1r-, Npy2r-, or Npy4r gene expression. B) At ZT10, Nac Npy- and Npyr expression are
not affected by a 24-hour fast. # = statistical trend, n.d. = not detected.

effects of fasting on Arc NPY neurons have been described in detail. For example, energy
status-relaying hormones, such as insulin, leptin and ghrelin, and metabolic signals, such as
glucose, can modulate activity of Arc NPY neurons (Kohno & Yada, 2012). have been
previously described (Hahn et al., 1998; Marks et al., 1992). Here, we confirm the effects of a
24-hour fast on Arc Npy expression. Because intracerebral administration of exogenous NPY
promotes caloric consumption (Clark, Kalra, Crowley, & Kalra, 1984; Stanley, Chin, et al.,
1985), it is likely that elevated Npy expression in the Arc drives caloric consumption during
refeeding following a fast. Unexpectedly, Arc Npy expression just prior to the onset of the
dark period was not altered by a 24-hour fast. We hypothesize that this can be explained by
the day-night rhythm in Arc Npy expression. Just prior to dark phase onset, Arc Npy levels are
generally elevated (Akabayashi et al., 1994), which prepares the nocturnal animal for dark
time feeding and behavioral activity. This natural elevation in Arc Npy expression might
potentially mask the 24-hour fast-mediated elevations in Arc Npy expression. In addition,
there is a difference in the relative deprivation state of the fasted groups versus their
respective controls. Rats feed predominantly during the dark period; therefore, control rats
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that are sacrificed just after the dark period will be more satiated than control rats that are
sacrificed just before the onset of the dark period.
Previous studies on the effects of acute fasting on Npyr have been limited to the Arc
Npy1r and Npy2r. A severe acute fast of 48 hours, decreased NPY1R peptide and Npy1r
mRNA, and did not affect NPY2r peptide or Npy2r mRNA levels in the Arc (X. Cheng et al.,
1998). Accordingly, we found that Arc Npy1r mRNA was decreased after 24-hours of fasting at
the beginning of the light period. Lower Arc Npy1r levels combined with lower NPY1R levels
has been suggested to indicate a mechanism to protect against increased NPY signaling as
seen after fasting (X. Cheng et al., 1998). However, studies also indicate that the NPY system
seems relatively insensitive to desensitization as repeated intracerebral infusions of NPY elicit
orexigenic responses of the same magnitude (Paez & Myers, 1991; Stanley et al., 1986). As
NPY1R are found predominantly on proopiomelanocortin (POMC) neurons in the Arc, which is
a separate population from the Arc NPY neurons (Broberger, Landry, Wong, Walsh, & Hokfelt,
1997; R. D. Cone, 2005), and activation of NPY1R inhibits POMC neurons (Ghamari-Langroudi
et al., 2005; Roseberry et al., 2004), a downregulation of Npy1r after fasting seems
paradoxical. Knock-down of the Npy1r specifically in the Arc by siRNA was shown not to affect
feeding behavior (Higuchi, 2012). However, the effects on fasting-induced refeeding were not
examined (Higuchi, 2012). Future studies could investigate the role of Arc NPY1R specifically
in fasting-induced refeeding to provide insight into the functional implications of this
downregulation.
In addition, Arc Npy2r mRNA decreased with fasting when measured just prior to the
onset of the dark period. The NPY2R is found predominantly as a pre-synaptic receptor on Arc
NPY neurons, and is thought to function as an auto-receptor to inhibit NPY release (Broberger
et al., 1997). Accordingly, NPY2R knockdown transiently increases fasting-induced refeeding
in mice (Qi, Fu, & Herzog, 2016). Lowered Arc Npy2r mRNA at a time when a rat’s physiology
is preparing for dark-time feeding, may indicate increased turnover of NPY2R to respond to
increased NPY release. However, in the absence of NPY2R peptide data, a different
explanation cannot be ruled out. Indeed, the study by X. Cheng et al. (1998), did not find a
difference in Arc NPY2R levels after a 48-hour fast, and Arc siRNA knockdown of Npy2r Arc did
not affect feeding (Higuchi, 2012). However, it is likely that the NPY2R levels were measured
at the beginning of the light period as their results on NPY1R/Npy1r correspond to our data at
the beginning of the light period. In addition, the effect of Arc Npy2r knockdown on fastinginduced refeeding was not examined. Future studies could assess NPY2R peptide levels prior
to the start of the dark period, or receptor turnover rates as well as the effects of Arc Npy2r
knockdown on fasting-induced refeeding to ascertain our hypothesis on NPY2R turnover.
Prior studies have not reported on the effects of fasting on expression of other NPYR
in the Arc. We show that Arc Npy4r- and Npy5r mRNA expression are not altered after a short
acute fast when measured at two time points. Accordingly, Arc-specific siRNA knockdown of
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Npy4r did not affect feeding (Higuchi, 2012), whereas the behavioral effect of activation of
NPY4R specifically in the Arc has not been investigated. We here show that the NPY4R is
expressed in very low quantities in the Arc, but may be regulated as expression was
undetectable at ZT3, and detectable at ZT10. The NPY4R is more sensitive to pancreatic
polypeptide (PP) than it is to NPY, which is a member of the PP-fold family of peptides like
NPY, and released by the pancreatic islets of Langerhans in response to a meal (Bard, Walker,
Branchek, & Weinshank, 1995; Gerald et al., 1996; G. Katsuura et al., 2002; Lundell et al.,
1995). Together, these findings may indicate that the NPY4R is less likely to be involved in
mediating the effects of fasting in the Arc. However, future studies should investigate if Arcspecific NPY4R activation or -knockdown affects fasting-induced refeeding. Lastly, the NPY5R
is implicated in mediating the orexigenic effects of NPY, but NPY5R knockout mice do not
show altered fasting-induced refeeding (Maclean, Bergouignan, Cornier, & Jackman, 2011;
Marsh et al., 1998; Nguyen et al., 2012). Arc-specific siRNA knockdown of NPY5R has not been
reported on (Higuchi, 2012), however intracerebroventricular infusion of antisense
deoxynucleotides for Npy5r inhibits fasting-induced refeeding (Schaffhauser et al., 1997).
Therefore, a role of Arc NPY5R in fasting-induced refeeding cannot be excluded, and should
be addressed by future studies.
A 24-hour fast does not affect Npy- or Npyr expression in the LHA, VTA or NAc
We investigated if the LHA NPY system would be responsive to the effects of an acute fast. A
previous study reported no difference in NPY peptide after an acute fast when measured just
after the start of the light period (Beck, Jhanwar-Uniyal, et al., 1990). Here, we show that a
similar acute fast does not affect Npy mRNA levels in the LHA. As NPY peptide increased after
refeeding in the same study (Beck, Jhanwar-Uniyal, et al., 1990), it is, however, clear that the
NPY system in the LHA is responsive to energetic status. Npy mRNA levels are quite low in the
LHA, but observations from our lab and others have placed NPY neurons in a posterior region
of the LHA (Abrahamson & Moore, 2001; Grove, Brogan, & Smith, 2001; Chapter III, this
thesis). Though Npy-expressing glucose-sensing neurons have been reported in the mouse
LHA (Marston et al., 2011), no studies to date have investigated if they constitute a glucosesensing population in the rat. A different source for LHA NPY comprises the Arc NPY neurons
(Broberger, De Lecea, et al., 1998; Elias et al., 1998). NPY peptide release in the LHA may thus
be altered corresponding to the changes observed in Arc NPY expression after changes in
energetic status (Hahn et al., 1998; Marks et al., 1992). Though NPY release has not been
measured in the LHA after a physiological challenge to energy balance, it has been shown that
the density of LHA NPY-immunoreactive fibers is affected by scheduled-feeding (RamirezPlascencia, Saderi, Escobar, & Salgado-Delgado, 2017). We did not find a difference in Npyr
mRNA expression in the LHA, indicating that if NPY release in the LHA is changed after an
acute fast, changes in NPYR are not found at the gene expression level. Future studies should
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assess LHA NPY peptide release in response to physiological challenges as well as assess if
NPYR are changed at the peptide level.
We also hypothesized that the VTA NPY system would be responsive to the effects of
an acute fast. In the VTA, Npy expression is low or non-detectable under standard
physiological circumstances (M. C. R. Gumbs et al., 2019). Here, we extend those observations
and show that Npy expression is not affected by an acute fast of 24 hours. We have
previously reported that the low level of Npy mRNA measured in the VTA is probably due to
contamination of the VTA brain tissue punch, which may contain a part of the posterior LHA
or supramammillary nucleus (M. C. R. Gumbs et al., 2019). NPY neurons in the Arc and
hindbrain project to the VTA, and both populations are responsive to alterations in the
physiological state (M. C. R. Gumbs et al., 2019; Hahn et al., 1998; A. J. Li & Ritter, 2004;
Marks et al., 1992). Increased NPY levels in the Arc are accompanied by increased NPY release
in the PVN, one of the Arc NPY neuronal output structures, after an acute fast (Dube et al.,
1992; Hahn et al., 1998; Marks et al., 1992). In addition, it has been shown that NPY can affect
local neurotransmission and motivational behaviors when infused into the VTA (Pandit et al.,
2014a; K. S. West & Roseberry, 2017). Therefore, we also hypothesized that Npyr expression
would be altered in the VTA of fasted rats. However, we did not find any changes in Npyr
expression in the VTA. It may be that the effect of fasting on the VTA NPY system is not
directly apparent in gene expression levels, and rather that NPY- or NPYR peptide levels or
NPY release are altered. Alternatively, the effects of fasting on motivation may be mediated
directly in the VTA, for instance via changes in dopamine neurons or changes in hormone
levels such as corticosterone, insulin, ghrelin or leptin that can directly affect dopamine
neurons, thereby circumventing the NPY system (Bruijnzeel, Corrie, Rogers, & Yamada, 2011;
J. J. Cone, McCutcheon, & Roitman, 2014). Future studies could address these possibilities.
Lastly, it was expected that fasting would affect the NAc NPY system based on similar
reasoning as for the LHA and VTA. Indeed, NAc NPY infusion can increase palatable feeding
and the motivation to obtain food (Pandit et al., 2014a; van den Heuvel et al., 2015), which
may be mediated by NPY release from local neurons as well as release from an NPY Arc->NAc
projection (van den Heuvel et al., 2015). However, our data indicate that fasting does not
affect NAc Npy- or Npyr expression. Only a trend for a decrease in Npy5r mRNA expression
was observed. It may, however, be that changes in Npy- or Npyr expression are occluded by
inclusion of the entire structure in brain punches. Indeed, the NPY system in the NAc interacts
reciprocally with the mesolimbic dopaminergic system (Midgley et al., 1994; Quarta et al.,
2011; Sorensen et al., 2009), and dopamine modulation of NAc NPY expression can be regionspecific along the rostro-caudal axis (Midgley et al., 1994). Techniques allowing a higher
resolution to address region-specific changes may thus observe differences in the NAc NPY
system after fasting. In addition, as with the LHA, and VTA, measuring NPY peptide levels
and/or -release should also be explored.
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Summary
This is the first study to report expression for Npy as well as all Npyr after an acute fast in
hunger/satiety-related and reward-related areas in the brain. Arc NPY-related gene
expression was altered by energetic state, whereas in the LHA as well as in the VTA and NAc,
NPY-related gene expression was not altered by energetic state. Our data thus indicate that
the Arc is the primary region where the energetic physiological state after fasting affects NPYrelated gene expression. These data therefore provide evidence that the Arc NPY system is
mainly concerned with sensing physiological state directly, which fits with the Arc’s location
near the partial blood-brain-barrier and its function in sensing energy. Future studies that
determine NPY peptide levels or -release in the LHA, and in the VTA and NAc of the
mesolimbic dopamine system, will help to elucidate if the Arc NPY neurons convey NPYergic
information on energetic state to these downstream regions to promote adaptive behaviors
such as increased intake and/or motivation.
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Supplemental data
Table S1. Normalized gene expression levels and statistical details.
Normalized gene expression level
Statistics
Ad libitum
Fasted
Arc
ZT3
Npy
2.60 ± 0.17
3.77 ± 0.17
t5,5 = 4.83, p = 0.0007*
Npy1r
0.05 ± 0.003
0.03 ± 0.005
t7,7 = 2.30, p = 0.04*
Npy2r
0.04 ± 0.002
0.04 ± 0.004
t7,7 = 1.20, p > 0.05
Npy4r
n.d.
n.d.
Npy5r
0.04 ± 0.003
0.03 ± 0.003
t7,7 = 0.64, p > 0.05
ZT10 Npy
1.05 ± 0.07
0.95 ± 0.06
t7,7 = 1.06, p > 0.05
Npy1r
0.02 ± 0.0005
0.02 ± 0.0002
t7,7 = 0.39, p > 0.05
Npy2r
0.02 ± 0.001
0.01 ± 0.0002
t7,7 = 2.22, p = 0.04*
Npy4r
0.0009 ± 0.0002 0.0006 ± 0.0001 t6,6 = 1.50, p > 0.05
Npy5r
0.02 ± 0.001
0.02 ± 0.001
t7,7 = 1.90, p > 0.05
LHA

VTA

ZT3

ZT3

ZT10

NAc

0.12 ± 0.01
0.008 ± 0.0007
0.01 ± 0.001
0.0008 ± 0.0002
0.01 ± 0.0003

0.11 ± 0.01
0.008 ± 0.001
0.01 ± 0.002

Npy
Npy1r
Npy2r
Npy4r
Npy5r
Npy
Npy1r
Npy2r
Npy4r
Npy5r

0.004 ± 0.004
0.003 ± 0.0002
0.0009 ± 0.0001
0.0004 ± 0.0008
0.007 ± 0.0005
0.04 ± 0.004
0.005 ± 0.0007
0.0009 ± 0.0002

0.04 ± 0.0006
0.002 ± 0.0002
0.0008 ± 0.0002

0.0006 ± 0.00008

0.01 ± 0.0009

0.0006 ± 0.00009

0.01 ± 0.0008

0.0004 ± 0.00008

0.007 ± 0.0006
0.04 ± 0.006
0.005 ± 0.0005
0.0009 ± 0.0001
0.0005 ± 0.0001
0.01 ± 0.0003

t6,6 = 0.46, p > 0.05
t6,7 = 0.06, p > 0.05
t7,7 = 0.54, p > 0.05
t5,7 = 1.29, p > 0.05
t7,7 = 1.17, p > 0.05
t5,6 = 0.78, p > 0.05
t6,6 = 0.12, p > 0.05
t6,6 = 0.29, p > 0.05
t6,6 = 0.02, p > 0.05
t7,6 = 0.03, p > 0.05
t5,6 = 0.78, p > 0.05
t7,7 = 0.14, p > 0.05
t7,7 = 0.41, p > 0.05
t6,6 = 0.37, p > 0.05
t6,7 = 0.68, p > 0.05

Npy
0.85 ± 0.006
0.89 ± 0.06
t7,6 = 0.39, p > 0.05
Npy1r
0.02 ± 0.002
0.01 ± 0.002
t7,7 = 1.65, p > 0.05
Npy2r
0.01 ± 0.001
0.01 ± 0.002
t7,7 = 0.18, p > 0.05
Npy4r
n.d.
n.d.
Npy5r
0.04 ± 0.004
0.03 ± 0.004
t7,7 = 1.98, p = 0.07
ZT10 Npy
1.16 ± 0.05
1.14 ± 0.07
t3,4 = 0.25, p > 0.05
Npy1r
0.02 ± 0.002
0.02 ± 0.002
t4,4 = 0.52, p > 0.05
Npy2r
0.02 ± 0.003
0.01 ± 0.0008
t4,3 = 0.95, p > 0.05
Npy4r
n.d.
n.d.
Npy5r
0.02 ± 0.003
0.02 ± 0.003
t4,4 = 0.39, p > 0.05
Arc = arcuate nucleus of the hypothalamus, LHA = lateral hypothalamic area, NAc = nucleus
accumbens, n.d. = not detectable, Npy1r/Npy2r/Npy4r/Npy5r = Neuropeptide Y receptor subtype, VTA
= ventral tegmental area, * p < 0.05.

80

ZT3

Npy
Npy1r
Npy2r
Npy4r
Npy5r

Fasting and brain Npy mRNA

81

Chapter V.
Neuropeptide Y activity in the nucleus accumbens modulates
feeding behavior and neuronal activity

van den Heuvel, J.K., Gumbs, M.C.R.*, Furman, .K*, Eggels, L., Opland, D.M., Land, B.B., Kolk,
S.M., Narayanan, N., Fliers, F., Kalsbeek, A., DiLeone, R.J., and la Fleur, S.E.
Biological Psychiatry, 77(7):633-641 (2015)
*These authors contributed equally to the manuscript

Chapter V

Abstract
Neuropeptide Y (NPY) is a hypothalamic neuropeptide that plays a prominent role in feeding
and energy homeostasis. Expression of the NPY receptor subtype 1 (NPY1R) is highly
concentrated in the nucleus accumbens (NAc), a region important in the regulation of
palatable feeding. In this study, we performed a number of experiments to investigate the
actions of NPY in the NAc. First, we determined caloric intake and food choice after bilateral
administration of NPY in the NAc in rats on a free-choice diet of saturated fat, a 30% sucrose
solution, and standard chow (fcHFHS), and whether this was mediated by the NPY1R. Second,
we measured the effect of intra-NAc NPY on neuronal activity using in vivo electrophysiology.
Third, we examined co-localization of NPY1R with enkephalin and dynorphin neurons, and the
effect of NPY on preproenkephalin (ppENK) mRNA levels in the striatum using fluorescent and
radioactive in situ hybridization. Finally, using retrograde tracing, we examined whether NPY
neurons in the arcuate nucleus (Arc) of the hypothalamus project to the NAc.
In rats on the fcHFHS diet, intra-NAc NPY increased intake of fat, but not of the
sucrose solution or chow, and this was mediated by the NPY1R. Intra-NAc NPY reduced
neuronal firing, as well as ppENK mRNA expression in the striatum. Moreover, NAc enkephalin
neurons expressed Npy1r and Arc NPY neurons project to the NAc.
We conclude that NPY reduces neuronal firing in the NAc, resulting in increased palatable
food intake. Together, our neuroanatomical, pharmacological, and neuronal activity data
support a role and mechanism for intra-NAc NPY-induced fat intake.
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Introduction
A major population of Neuropeptide Y (NPY)-producing neurons is located in the arcuate
nucleus (Arc) of the hypothalamus. Central administration of NPY increases feeding behavior
in rodents (Clark et al., 1984; Levine & Morley, 1984; Stanley & Leibowitz, 1984), and NPY has
been linked to the control of carbohydrate intake (Stanley, Daniel, et al., 1985; van den
Heuvel, Eggels, van Rozen, et al., 2014). However, we recently observed that when NPY is
administered in the lateral ventricle of rats on a free-choice high-fat high-sugar (fcHFHS) diet,
it was not sugar, but rather saturated fat and chow consumption that increased (Stanley,
Chin, et al., 1985). The link between NPY and carbohydrate intake has been previously studied
using administration of NPY into specific hypothalamic regions (Stanley, Chin, et al., 1985;
Stanley, Daniel, et al., 1985). In contrast, we administered NPY into the lateral ventricle,
providing contact with not only the hypothalamus, but also with corticolimbic areas involved
in reward and motivation, such as the nucleus accumbens (NAc) where NPY receptors are
localized (Kishi et al., 2005; Pickel et al., 1998; Wolak et al., 2003). It remains to be explored,
however, whether direct action of NPY in the NAc regulates fat consumption.
Reduced neuronal activity in the NAc occurs during feeding and intra-NAc
administration of orexigenic compounds, such as melanin concentrating hormone and
muscimol, inhibit NAc neuronal activity (Basso & Kelley, 1999; Krause et al., 2010; Sears et al.,
2010; Stratford & Kelley, 1997). However, it is not known whether NPY also affects neuronal
activity in the NAc. Given that direct NPY administration into other brain areas, including the
amygdala and Arc, reduces neuronal activity (Acuna-Goycolea et al., 2005; Giesbrecht,
Mackay, Silveira, Urban, & Colmers, 2010), we hypothesized that NPY reduces NAc neuronal
activity and that this is associated with increased fat intake.
Opioids have an established role in reward behavior, and opioid-expressing neurons
are located within the NAc. Of the opioid-expressing neurons, enkephalin neurons are of
specific interest as they express dopamine D2 receptors (DRD2) and have been linked to highfat feeding; i.e. NAc enkephalin gene expression is affected by consumption of the highly
palatable Ensure drink (Kelley et al., 2003), which contains fat and sugar, and striatal DRD2
availability is correlated with high-fat intake (van de Giessen et al., 2013). Moreover,
enkephalin binds to mu-opioid receptors and local NAc administration of the mu-opioid
receptor agonist DAMGO specifically increases intake of high-fat foods (M. Zhang et al.,
1998). In turn, the DAMGO-induced increased intake of high-fat foods is NPY receptor
subtype 1 (NPY1R) dependent (H. Zheng et al., 2010). Therefore, the effect of NPY on fat
intake may involve changes in NAc enkephalin levels. Given these findings, we hypothesized
that NPY1Rs are localized on enkephalin neurons and that intra-NAc NPY injection alters
striatal enkephalin levels.
Finally, previous studies have revealed anatomic connections between the Arc and
NAc (Brog, Salyapongse, Deutch, & Zahm, 1993; Yi et al., 2006) as well as the presence of NPY
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receptors in the NAc (Kishi et al., 2005; Pickel et al., 1998; Wolak et al., 2003). While a recent
study found ɑ-MSH projections from the Arc to NAc (Lim, Huang, Grueter, Rothwell, &
Malenka, 2012), it has not been determined whether NPY neurons in the Arc project to the
NAc.
To examine the action of NPY in the NAc we first assessed food intake and
preproenkephalin (ppENK) mRNA responses to intra-NAc NPY injections in rats on the fcHFHS
diet. Second, we measured NPY’s effects on neuronal activity using in vivo electrophysiology.
Third, using fluorescent imaging and retrograde tracing we determined whether NPY1Rs are
localized on enkephalin and dynorphin neurons and whether NPY neurons in the Arc project
to the NAc. We found that intra-NAc NPY stimulates fat intake via the NPY1R and is associated
with reduced expression of ppENK mRNA and neuronal activity. Moreover, enkephalin
neurons express NPY1Rs and NPY neurons in the Arc project to the NAc. These
neuroanatomical, pharmacological, and neuronal activity data support a possible role and
mechanism for intra-NAc NPY-induced fat intake.

Experimental Procedures
Animals
For behavior and radioactive in situ hybridization, male adult Wistar rats (Charles River,
Germany) weighing 270-300 g were used. For electrophysiological experiments and
fluorescent in situ hybridization, C57/BL6 mice (Jackson Labs, Bar Harbor, Maine, USA)
weighing 25-30 g were used. All animal procedures were performed in accordance with the
protocol approved by the Yale Institutional Animal Care and Use Committee, and the
Committee for Animal Experimentation of the Academic Medical Center of the University of
Amsterdam.
Effect of intra-accumbens NPY and NPY1R antagonist on food intake
Rats were housed in a temperature- (21-23 °C) and light-controlled room (lights on 7:00–
19:00). One week after arrival, rats were implanted with two cannulas aimed bilaterally at the
NAc-shell as described in the Supplemental Materials. One week after surgery, rats (N = 15)
were placed on a free-choice high-fat high-sugar (fcHFHS) diet and were able to choose from
the following components: a dish of saturated fat (Beef tallow (Ossewit/Blanc de Boeuf),
Vandemoortele, Belgium), a bottle of 30% sugar water (mixed from commercial grade sugar
and tap water), standard chow (special diet service [SDS], England) and a bottle of tap water.
After 1 week of fcHFHS diet exposure, 0.6 µg NPY (minimum effective dose in previous
experiments (C. M. Brown et al., 2000; C. M. Brown, Fletcher & Coscina, 1998; own
observations) or vehicle (1x phosphate buffered saline [PBS]) was administered at the
beginning of the light phase (between 10:00 and 11:00) in a balanced design. NPY was
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obtained from Bachem, Germany (H6375), and dissolved in 1xPBS. Before the start of the
experiment, all food components (except water) were removed from the cage. 33-gauge
injector cannula’s (Plastics One, Bilaney Consultants GmbH, Düsseldorf, Germany), extending
1 mm below the guide cannula, were inserted into the guide cannula’s, and animals received
bilateral infusions of 0.3 μL fluid per site at a rate of 0.15 μl/min via a syringe infusion pump.
Injections were confirmed by monitoring fluid movement in the tubing via a small air bubble.
After completion of the injection, the injector was left in place for 1 min to allow for diffusion.
Upon completion of all infusions, food was returned to the cages and all individual food
components were measured after 2, 5 and 24 hours, and caloric intake (kcal) for each
individual food item and total caloric intake were calculated. Total caloric intake was defined
as the sum of each individual food component for which the caloric density was defined as
follows, chow: 3.31 kcal/g; fat: 9 kcal/g and sucrose solution: 1.2 kcal/g. The experiment was
repeated 3 days later according to a cross-over design.
At the end of the experiment, food was removed in the morning (and not returned)
and rats received intra-NAc injection of vehicle or 0.6 µg NPY. One hour later, rats were
anesthetized and transcardially perfused with ice-cold saline followed by 4 %
paraformaldehyde, and brains were post-fixed for 24 hours. Brains were washed in PBS,
cryoprotected in 30 % sucrose at 4 ⁰C, and subsequently frozen on dry ice and stored at -80
⁰C. Cryostat sections were cut at 35 µm and mounted on Superfrost Plus slides (Fisher,
Gerhard Menzel GmbH, Germany). Some slides were stained for Nissl with thionine, and
checked for cannula placement with inclusion criteria described below. Remaining slides were
air-dried and stored at -80 ⁰C to be used for radioactive in situ hybridization. The procedure
for radioactive in situ hybridization was performed as described previously (van den Heuvel,
Eggels, Fliers, et al., 2014) and described in the Supplemental Materials.
In a separate experiment, we tested whether the NAc NPY1R is involved in the intraNAc NPY-induced increased fat intake by intra-NAc administration of the NPY1R antagonist
GR231118 (synonym of LY1229U91, Sigma Aldrich, Zwijndrecht, the Netherlands) or vehicle in
a volume of 0.2 μl in the NAc, 15 min before intra-NAc NPY in rats on the fcHFHS diet (N = 15).
These experiments were conducted according to the same protocol (for surgery and cannula
placement verification) as described above. We only measured intake of chow, fat and sugar
water at one time point as NPY effects do not show beyond a few hours. The dose of
antagonist used (0.3 μg) was chosen based on reports published elsewhere (Faulconbridge,
Grill, & Kaplan, 2005; Skibicka, Shirazi, Hansson, & Dickson, 2012), and on a dose response in
a few animals using 0.3, 1 and 3 μg antagonist (see appendix). Since 1 and 3 μg in the NAc
decreased overall intake, we choose the 0.3 μg dose, because it did not significantly affect
feeding behavior (data not shown). At the end of the experiment, rats were killed by
decapitation and brains were removed, frozen on dry ice and stored at -80 ⁰C. Cryostat
sections were stained for Nissl with thionine and checked for cannula placement. Data of rats
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were only included when we verified that they had unilateral or bilateral cannula placement
in the NAc-shell between Bregma 1.0 and 2.20 mm (Paxinos & Watson, 2007; Pecina &
Berridge, 2000; Reynolds & Berridge, 2001). Based on these criteria, 5 animals were excluded
from analysis from experiment 1, and 1 animal from experiment 2 (with NPY1R antagonist).
Furthermore, for experiment 2, data from 3 more animals were excluded from analysis due to
loss of the cannula or sickness behavior after injection, which turned out to be associated
with infection around the cannula.
Fluorescent in situ hybridization
Fluorescent in situ hybridization was performed as described previously (Georgescu et al.,
2005), and in the Supplemental Materials. Probes for double in situ hybridization were
prepared using an in vitro transcription kit with digoxigenin-labeled UTP (Roche, Basel,
Switzerland) for making the Npy1r probe, or fluorescein-labeled UTP (Molecular Probes,
Eugene, OR, USA) for making the ppENK or prodynorphin probe (information on probes is
provided in the Supplemental Materials).
In vivo electrophysiology
Four well-habituated C57/BL6 mice (25-30 g) were implanted with a cannula (Plastics One)
and arrays of microwire electrodes (Tucker-Davis Technologies, Alachua, FL, USA) using
aseptic stereotactic methods described in detail previously (Sears et al., 2010), and in the
Supplemental Materials. The arrays consisted of 16 Teflon-coated, 50 μm stainless steel wires
arranged in an 8×2 configuration, with each electrode spaced by ~250 μm. The in
vitro impedance of the electrodes was 100–300 kΩ. After a recovery period of 5-7 days,
animals were acclimatized to recording procedures (i.e. headsets and cables were attached to
the implants) for 1 day. Drug infusions were performed as follows. Animals were lightly
anesthetized with halothane via a nosecone during the experiment, and recording head
stages were plugged in. After initial recording, data acquisition was paused and animals were
infused with either aCSF (NaCl 147 mM, CaCl2 1.3 mM, MgCl2 0.9 mM, KCl 4.0 mM) or NPY
(0.6 μg). Infusions were made through 33-gauge cannula (Plastics One) that protruded 0.2
mm from the tip of the guide cannulas. Injectors were inserted into the guide cannulas and
0.3 μL of infusion fluid was delivered per site at a rate of 0.15 μl/min via a syringe infusion
pump (KDS Scientific, Holliston, MA, USA). Fluid was infused via 0.38 mm-diameter
polyethylene tubing that connected the injector to a 5 μL Hamilton syringe. Injections were
confirmed by monitoring movement of fluid in the tubing via a small air bubble. After
injection was complete, the injector was left in place for 2 min to allow for diffusion. Infusions
took place between 12:00 and 14:00. Recording data were collected for 1 hour after
infusions.
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Neuronal ensemble recordings were made using a Many Neuron Acquisition Program (TuckerDavis Technologies). Putative single neuron units were identified on-line using an oscilloscope
and an audio monitor. The Tucker-Davis Technologies off-line sorter was used to analyze the
signals off-line and to remove artifacts due to cable noise and behavioral devices (pump, click
stimulus). Principal component analysis (PCA) and waveform shape were used for spike
sorting. Single units were identified as having (1) consistent waveform shape, (2) separable
clusters in PCA space, (3) average amplitude estimated at least three times larger than
background activity, and (4) a consistent refractory period of at least 2 ms in interspike
interval histograms. Units identified on-line as potential single units that did not meet these
criteria off-line were not included in this analysis. Datasets were previewed using OpenSorter
(Tucker-Davis Technologies), and subsequently analyzed using custom routines for MATLAB.
For each well-isolated neuron, post-infusion firing rates were normalized to mean preinfusion firing rates (in the 10 min immediately preceding drug infusion) and binned (60second bins). Activity was then compared between neurons recorded in NPY and aCSF
conditions.
At the end of the experiment, mice were perfused transcardially with ice-cold saline
followed by 4 % paraformaldehyde. After fixation, brains were cryoprotected in 30 % sucrose
at 4 ⁰C overnight. Microtome sections were cut at 40 μm along the horizontal axis and
mounted on Superfrost Plus slides (Fisher). Electrode and cannula placement was verified
microscopically in horizontal sections using the mouse brain atlas from Paxinos and Franklin
(2004).
CTB tracing
One week after arrival, 6 male Wistar rats (Charles River; Sulzfeld, Germany) weighing 270300 g were implanted two cannula’s: one aimed at the right NAc shell for infusion of the
cholera toxin B (CTB) conjugated to Alexa-555 (C-22843, Invitrogen, Bleiswijk, the
Netherlands) tracer and one cannula in the left lateral ventricle (LV) for the infusion of
colchicine to block neuronal transport (C9754, Sigma-Aldrich, Zwijndrecht, the Netherlands).
Surgical procedures were the same as for the rat study described above. For the LV, a
permanent 22-gauge stainless steel guide cannula was used with coordinates 0.8 mm
posterior from Bregma, 1.4 mm lateral from midline, and 4.5 mm below the surface of the
brain. In contrast to CTB, fluorophore-labeled CTB cannot be applied by iontophoresis, so we
used pressure injection (Yi et al., 2006). Rats were injected unilaterally with 100 – 150 nl 1%
CTB into the NAc shell. The injection needle was left in place and fixed with dental cement to
the skull to minimize leakage from the tract (Yi et al., 2006). Twelve days later, rats were
deeply anesthetized and 100 µg colchicine in 5 µL PBS was injected into the lateral ventricle.
24-36 hours later, rats were transcardially perfused with saline, followed by a solution of 4 %
paraformaldehyde in 0.1 M PBS (pH 7.4) at 4 ⁰C. Brains were removed and kept in a 30 %
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sucrose solution dissolved in PBS. Subsequently, the brains were washed briefly with PBS,
frozen on dry ice and stored at -80 ⁰C until further processing for fluorescent
immunohistochemistry. The procedures for fluorescent immunohistochemistry were
performed as described previously (Kolk, Whitman, Yun, Shete, & Donoghue, 2006) and in the
Supplemental Materials.
Statistical analyses
For the effects of NPY on food intake and on enkephalin mRNA, t-tests were performed. The
data on NPY in combination with the NPY1R antagonist were tested with a Two-way repeated
measures ANOVA (for paired-comparison), and were followed with Sidak’s multiple
comparisons tests. Data obtained with electrophysiology were analyzed with a repeatedmeasures ANOVA, followed by Tukey's post hoc tests where appropriate. For all analyses,
significance was assigned at the p ≤ 0.05 level. All data are presented as mean ± SEM.

Results
Effect of NPY and NPY1R antagonist in nucleus accumbens on food intake
Local administration of NPY significantly increased fat intake after 2 hours (Figure 1A), but not
after 5 or 24 hours (Supplemental Data S1). Intra-NAc NPY did not affect intake of the chow or
sugar component after 2 hours (Figure 1A), or after 5 or 24 hours (Supplemental Data S1).
Subsequently, the effect of pretreatment with the selective NPY1R antagonist GR231118 on
NPY-induced fat intake was tested. Again, when infused in the NAc, NPY specifically increased
fat intake (Supplemental Data S2). Interestingly, when cannula’s were placed bilaterally in the
shell of the NAc (which was the case in 5 out of 11 animals), pretreatment with NPY1R
antagonist completely prevented the NPY-induced increase in fat intake (Interaction effect for
Pretreatment with NPY1-antagonist*NPY (F1,20 = 6.3; p = 0.02); a trend for an NPY effect: F1,20
= 3.5; p = 0.08), and no effect of the NPY1 antagonist F1,20 = 1.5; p = 0.24; see Figure 1B).
NPY reduces cell firing in the nucleus accumbens in vivo
To evaluate the effects of NPY on neuronal activity in vivo, neuronal firing data were collected
during intra-NAc infusions of aCSF or NPY with microwire recording electrodes implanted in
the NAc (Figures 2A-B). Multi-unit recordings performed under anesthesia revealed a
significant reduction in firing rates of NAc neurons treated with 0.6 g NPY (N = 29) and a
significant Interaction between Time and Treatment (Two-way ANOVA F39,1482 = 1.874, p =
0.0010; Figures 2C-D). Firing in 11/29 (37.9 %) units was suppressed 50 % below baseline.
Another 9/29 (31.0 %) units were suppressed 25 % below baseline. The remaining 9 units
were either unchanged (6/29, 20.7 %) or increased (3/29, 10.3 %) relative to pre-infusion
firing rates. This effect lasted 25 min, starting within 5 min after infusion (Figure 2C).
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Figure 1. Effects of intra-NAc NPY in rats on intake of chow, sugar, and fat components of the
fcHFHS diet. A) NPY in the NAc significantly increased fat intake and not sugar or chow intake; total
intake tended to be increased (veh 6.5 ± 0.8 vs. NPY 8.7 ± 1.1; p = 0.1; N = 10). B) The increase in fat
intake was prevented by pretreatment with the NPY1R antagonist GR231118 (Y1a) injected bilaterally
into the shell of the NAc, whereas the NPY1R antagonist did not affect fat intake (or chow and sugar
intake) alone (N = 5). A significant effect is depicted by *p < 0.05 and **p < 0.01. Data are presented as
mean ± SEM.

Npy1r co-localizes with enkephalin- and dynorphin-positive neurons in the nucleus
accumbens
Since NPY receptors are present in the NAc (Kishi et al., 2005), we investigated whether Npy1r
co-localizes with enkephalin and dynorphin neurons by performing double-labeled
fluorescent in situ hybridization. Co-localization of Npy1r on enkephalin and dynorphin
neurons was found throughout the striatum and NAc; about 59 % of Npy1r co-localized with
enkephalin neurons (Figure 3A), and about 18 % with dynorphin neurons (Supplemental Data
S3) as revealed by confocal analysis.
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Figure 2. NPY in the NAc decreases neuronal activity in vivo. A) Location of electrodes (black spots)
and cannula’s (filled black circles) projected on an mouse brain atlas section (Paxinos & Franklin,
2004). B) Interspike interval histograms and waveforms from a single unit in aCSF infusion sessions
(left) and the same neuron in NPY infusion sessions (right). C,D) Average neuronal activity for NPY
sessions and aCSF. Gray box represents time of infusion. NPY significantly reduces firing rate from 1540 min. *p < 0.05, aCSF = artificial cerebrospinal fluid.

NPY administration in the nucleus accumbens decreases ppENK mRNA expression
Striatal enkephalin, as opposed to dynorphin, has been described to be affected by changes in
energy balance (Will, Vanderheyden, & Kelley, 2007). Additionally, we found that Npy1r is
mainly located on enkephalin neurons. Therefore, we investigated the effect of NPY on
enkephalin mRNA levels. We quantitatively measured ppENK mRNA levels using radioactive in
situ hybridization and found that one hour after intra-NAc NPY administration, ppENK mRNA
expression was significantly downregulated in both the ventral striatum (NAc) as well as the
dorsal striatum (Figure 3B; p < 0.05).
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Figure 3. The NPY1 receptor (NPY1R) is expressed on enkephalin (ENK) neurons in the nucleus
accumbens (NAc) and intra-NAc NPY downregulates ppENK mRNA levels. A) Expression patterns of
Npy1r and ppENK in the NAc. Horizontal arrows indicate co-localization. B) ppENK gene expression
levels in the ventral striatum and representative images after intra-NAc injection of NPY. Values are
mean ± SEM of seven to nine rats per group. *p < 0.05 NPY vs. vehicle, AC = anterior commissure.

A subset of arcuate nucleus NPY neurons projects to the nucleus accumbens
To investigate the origin of NPY neurons projecting to the NAc, the CTB tracer was
administered in the NAc and co-localization with NPY antibody was determined. The tracer
was mostly concentrated at the border of the medial shell and core, positioned dorsomedial
to the anterior commissure (AC; Figure 4A). Anterograde CTB tracing was found in the medial
part of the subcommissural ventral pallidum and lateral hypothalamus confirming previous
findings (Christie, Summers, Stephenson, Cook, & Beart, 1987; Heimer, Zahm, Churchill,
Kalivas, & Wohltmann, 1991; Kirouac & Ganguly, 1995). In this study, our main focus was to
investigate afferent projections to the NAc and consequently to determine which of these
projections co-label with NPY. Retrograde transport of CTB tracer was examined by serial
sectioning and immunostaining in the neocortex, thalamus, hypothalamus, amygdaloid nuclei,
ventral pallidum and subiculum.
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Consistent with previous studies, CTB staining was found in labelled perikarya in the agranular
insular cortex, perirhinal cortex, midline thalamic nuclei and (baso)lateral amygdala (Brog et
al., 1993; Christie et al., 1987; Kirouac & Ganguly, 1995). However, in none of these areas did
CTB co-localize with NPY staining.
The primary site for synthesis of NPY peptide is the Arc. Consistent with others (Brog
et al., 1993; Yi et al., 2006), we found CTB staining in the Arc. CTB labeling was present in the
ventromedial and ventrolateral part the Arc. In the ventromedial Arc, the majority of CTB cells
were dually immunostained with NPY (Figure 4B), indicating NPY-positive cells projecting
from the Arc to NAc. This finding was confirmed in 3 successfully injected cases. CTB cells in
the lateral portion of the Arc, which did not co-localize with NPY, may be ɑ-MSH neurons as
melanocortinergic projections from the Arc to NAc have been shown previously (Lim et al.,
2012).

Figure 4. NPY-positive neurons in the Arc project to the NAc. A) Representative image for Cholera
Toxin Beta (CTB) injection in the NAc. B) Confocal microscopy shows co-localization of NPY and CTB in
the Arc of rats. Arrows indicate co-localization. 3V = third ventricle, AC = anterior commissure.
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Discussion
In the present study, we used a combination of behavioral, neuroanatomical and in vivo
electrophysiological measures to investigate the effect of NPY on NAc neuronal activity,
neuropeptide expression and behavioral output. We demonstrated that NPY administration
in the NAc in rats on a fcHFHS diet increased fat intake specifically, and this effect was
attenuated by pretreatment with an NPY1R antagonist in the NAc shell. Furthermore, we
identified NPY1R on ENK neurons in the NAc and found that NPY administration lowered NAc
neuronal activity and levels of striatal ppENK mRNA. Finally, we showed that a subset of Arc
NPY neurons project to the NAc. Together with our earlier findings that a fcHFHS diet
increased Npy mRNA in the Arc and increased cerebral sensitivity for NPY (la Fleur et al.,
2010; van den Heuvel et al., 2011), these findings provide evidence for a role of NPY in the
intake of palatable foods, possibly via inhibition of striatal DRD2-enkephalin neurons.
Moreover, the increased levels of Npy mRNA in the Arc observed in rats on a fcHFHS diet
may, via projections to the NAc, be related to the increased motivation and active lever
pressing, as well as the persistent hyperphagia observed in these rats (la Fleur et al., 2010; la
Fleur et al., 2007).
Consistent with others, we found that intra-NAc NPY did not affect chow (C. M. Brown
et al., 2000; Morley, Levine, Gosnell, Kneip, & Grace, 1987), or sucrose intake (C. M. Brown et
al., 2000). Interestingly, a recent study showed that intra-NAc NPY increased intake of sucrose
pellets (Pandit, Luijendijk, Vanderschuren, la Fleur, & Adan, 2014b), which implies that intraNAc NPY may increase sucrose intake in the absence of fat, or that the effect is specific to
solid and not liquid sugar. NPY has been associated with carbohydrate intake in a number of
studies (Morley et al., 1987; Smith et al., 1997; Stanley, Daniel, et al., 1985), yet NPY is often
administered in the third ventricle or directly into hypothalamic areas. In this study, NPY was
directed to the NAc and specifically increased fat intake, suggesting that the effect of NPY on
food component consumption may be dependent on the specific brain region. Basal caloric
intake in rats on the fcHFHS diet comprises 50% from chow, 30% from sugar and 20% from
fat. Because fat is not the main preferred component under baseline conditions with this diet,
we infer that NPY-induced fat intake is not confounded by a pre-existing baseline fat
preference.
Our findings indicate that NPY inhibits neuronal activity in the NAc. To our knowledge,
this is the first study investigating the effects of NPY on NAc neuronal activity. The inhibitory
effects in the NAc are consistent with NPY’s inhibitory effects in other brain areas, such as the
amygdala and Arc (Acuna-Goycolea et al., 2005; Giesbrecht et al., 2010), and coincide with
the downregulation of ppENK mRNA expression upon intra-NAc NPY administration, another
novel finding in this study. This may suggest that NPY’s feeding effects in the NAc may occur
via downregulation of DRD2-containing ENK neurons. The ability of NPY to reduce neuronal
firing in the NAc is consistent with a general model from other pharmacological and
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electrophysiological studies in which reduced NAc neuronal firing stimulates food intake
(Krause et al., 2010; Sears et al., 2010). Future studies are needed to determine the precise
mechanism underlying NPY’s inhibitory actions in the NAc.
Mu-opioid receptor agonists (such as DAMGO) elicit robust feeding responses,
however administration of different doses of Met-enkephalin or a synthetic and proteaseresistant analogue of enkephalin ([D-Ala2] Met-enkephalin) in different NAc regions did not
produce any significant effects on food intake (Y. Katsuura & Taha, 2010). The majority of
enkephalin neurons co-express GABA (Meredith, Pennartz, & Groenewegen, 1993).
Therefore, the NPY-mediated downregulation of ppENK neurons may also represent a
reduction of GABAergic output. Reduced NAc GABAergic output has consistently been shown
to elicit intense feeding in satiated rats and to increase intake of palatable foods (Basso &
Kelley, 1999; Krause et al., 2010; Maldonado-Irizarry, Swanson, & Kelley, 1995; Stratford &
Kelley, 1997; Stratford, Swanson, & Kelley, 1998). This reduced NAc GABAergic output likely
affects food intake via the lateral hypothalamus and medial ventral pallidum (Stratford,
Kelley, & Simansky, 1999). The downstream outputs from the lateral hypothalamus involve
autonomic structures and structures that directly control brainstem pattern generators for
the motor actions of eating (Kelley, 2004). Therefore, we speculate that the downstream
mechanisms of the inhibitory effects of NPY in the NAc (leading to the increase in fat intake)
involve reduced GABAergic output to the lateral hypothalamus via the medial ventral
pallidum.
We demonstrated CTB tracing and NPY staining in brain areas consistent with others
(Brog et al., 1993; de Quidt & Emson, 1986b). However, co-localization was only found in the
Arc, suggesting that NPY neurons projecting to the NAc predominantly originate from the Arc.
Although it remains to be determined whether Arc-derived NPY is the principal mediator in
palatable feeding regulation when rats are on a fcHFHS diet, the NPY-ergic Arc projections to
the NAc supplement findings describing ɑ-MSH projections from the Arc to the NAc (Lim et
al., 2012), and suggest that afferent signals from Arc to NAc provide input about the general
metabolic state of the body. Receptors of nearly all known metabolic hormones, such as
leptin, insulin, glucocorticoid and ghrelin, are present on Arc NPY neurons. It remains to be
explored whether the NPY neurons that project to the NAc are also controlled by these
peripheral signals.
In conclusion, our data indicate a role for NPY in the NAc in the intake of palatable
food, which is likely mediated by inhibition of enkephalin neurons, probably leading to
decreased GABA-ergic output. Future studies are needed to establish a direct role of GABAergic enkephalin neurons in NPY’s effect on fat intake. Our findings confirm and extend
research suggesting a role for NPY in the feeding-related neural circuit controlled by the NAc
(Stratford & Wirtshafter, 2004; H. Zheng et al., 2003; H. Zheng et al., 2010). The feeding
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effects of the hypothalamic peptide NPY in the NAc further links the homeostatic and hedonic
feeding circuits in the control and regulation of palatable feeding.

Acknowledgements
We thank Tim Snel for helping with measuring the body weight and energy intake, and Dr.
J.M. Chou-Green for English editing.

97

Chapter V

Supplemental information
A. Supplemental Methods and Materials
Surgery for cannula’s in the nucleus accumbens
Male Wistar rats (Charles River, Germany) weighing 270-300 g were housed in a temperature(21-23 °C) and light-controlled room (lights on 7:00–19:00). One week after arrival, two
cannulas aimed bilaterally at the NAc shell were implanted. Rats were anaesthetized with an
i.p. injection of 80 mg/kg ketamine (Eurovet Animal Health, Bladel, The Netherlands), 8 mg/kg
xylazine (Bayer Health Care, Mijdrecht, The Netherlands) and 0.1 mg/kg atropine
(Pharmachemie B.V., Haarlem, The Netherlands), and fixed in a stereotactic frame.
Permanent 26-gauge stainless steel guide cannulas (Plastics One, Bilaney Consultants GmbH,
Düsseldorf, Germany) were implanted at AP: +1.4 mm, ML: +/-2.8 mm, DV: -6.6 mm
(coordinates from Bregma and using an angle of 10° in the frontal plane). Guide cannula’s
were secured to the skull using four anchor screws and dental cement, and occluded by a 28gauge stainless steel dummy cannula (Plastics One, Bilaney Consultants GmbH, Düsseldorf,
Germany). Immediately after surgery, rats received an analgesic subcutaneously (Carprofen,
0.5 mg/100 g body weight), and were housed individually.
Radioactive in situ hybridization
Sections were defrosted and fixed in 4 % paraformaldehyde (PFA) in phosphate-buffered
saline (PBS) for 10 min, washed in PBS, pretreated with 0.25 % acetic anhydride in 0.1 M
triethanolamine, washed again in PBS and dehydrated in graded ethanol followed by 100 %
chloroform and 100 % ethanol. The sections were hybridized overnight at 72 °C with 106 cpm
33P-labeled (33P-UTP, Perkin Elmer) antisense ppENK RNA probe in buffer containing 50 %
deionized formamide, 2× standard saline citrate (2xSSC), 10 % dextrane sulphate, 1×
Denhardt's solution, 5 mM EDTA and 10 mM phosphate buffer, after 5 min heating at 80 °C.
After hybridization, the sections were washed in 5×SSC (short, 72 °C) and 0.2×SSC (2 hours, 72
°C) and dehydrated in graded ethanol in 0.3 M ammonium acetate. Sections were exposed to
X-ray film (Kodak Bio-Max MR, Sigma-Aldrich, Zwijndrecht, The Netherlands) for 4 days. The
films were developed and expression levels were quantitatively analyzed using an 8800F
Canon scanner. All images (600 dpi) were analyzed using ImageJ (Rasband, WS, NIH,
Bethesda, MD, USA, http://rsbweb.nih.gov/ij/, 1997–2005). In each section, gray values were
determined in the region of interest, measured bilaterally and subtracted from background,
producing a single value for each brain area on each section.
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Fluorescent immunohistochemistry
Coronal slices of 35 μm were cut using a cryostat, collected, and stored until processing in
cryoprotectant (30 % glycerol, 30 % ethylene glycol, 40 % 0.1 M PBS). Free-floating slices were
washed in PBS at least 5 times for a total of 60 min, and were incubated in blocking buffer
(2.5 % normal donkey serum, 2.5 % normal goat serum, 1 % bovine serum albumin, 1 %
glycine, 1 % lysine, 0.4 % Triton X-100) for at least 30 min at room temperature (RT). Sections
were incubated overnight in rabbit anti-NPY (1:1000, Niepke 091188, Netherlands Institute
for Neuroscience) primary antibody diluted in blocking buffer. The next day, slices were
washed in PBS several times for a total of 60 min. Subsequently, sections were incubated with
donkey anti-rabbit Alexa Fluor-488 (Invitrogen) secondary antibody diluted in blocking buffer
for 1 hour at RT. After 5 washes in PBS for a total of 60 min at RT, sections were mounted on
glass slides, and embedded in mounting medium containing DAPI (Vectashield, Vector labs,
Burlingame, CA, USA). Cholera toxin B (CTB)-Alexa-555 conjugate emission was sufficient to
visualize under the fluorescent microscope without additional CTB staining. Images were first
taken by fluorescent microscopy, and co-localization across all sections was determined by
confocal microscope scanning.
Surgery for cannula and microwire electrode in the nucleus accumbens for neural
recordings in mice
Anesthesia was initiated with ~4 % isoflurane and intraperitoneal injections of ketamine (100
mg/kg) and xylazine (10 mg/kg). A surgical level of anesthesia was maintained over the course
of the surgery with supplements of ketamine (30 mg/kg) every 45–60 min. The skull was
leveled between Bregma and Lambda, and a craniotomy was created over the ventral
striatum. A single array of microwire electrodes was placed centered at AP: +1.2, ML: ±0.7,
DV: −4.5 (coordinates from Bregma). A single infusion cannula was then placed at AP: +1.4,
ML: ±2.1, DV: −4.6 (coordinates from Bregma and using an angle of 15° in the frontal plane).
Craniotomies were sealed with cyanoacrylate (“Metabond”) and methyl methacrylate (i.e.
dental cement; AM Systems, Carlsborg, WA, USA).
Fluorescent in situ hybridization
For the fluorescent in situ hybridization analysis, fresh frozen mouse brains were
cryosectioned at 14 μm thickness and dried onto slides. The sections were then fixed in icecold 4 % paraformaldehyde for 20 min, dehydrated in an ethanol series, and allowed to air
dry. The sections were rehydrated, acetylated for 10 min, dehydrated and air dried again. The
hybridization mix (50 % formamide, 5×SSC, 5× Denhardt's solution, 250 μg/ml yeast RNA, 0.5
mg/ml salmon testes DNA, and 300 ng/ml RNA probe) was then added to the slides, which
were incubated in humidified chambers at 60 °C overnight. After washing and blocking with 5
% normal rabbit IgG and 1 % blocking reagent (Roche), the NPY1R probe was first detected by
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using a 1:200 anti-digoxigenin antibody coupled to HRP (Dako, Carpinteria, CA, USA). The
digoxigenin signal was amplified and detected using tyramide signal amplification (TSA)-direct
coupled to cyanine-3 (PerkinElmer, Wellesley, MA, USA). Hydrogen peroxide treatment (3 %,
15 min) was used to eliminate HRP activity. The fluorescein-labeled probe was detected with
1:500 rabbit anti-fluorescein coupled to HRP (Molecular Probes), followed by amplification
with TSA-direct coupled to fluorescein (PerkinElmer). The sections were then dehydrated, and
mounted in DPX (Fluka, Neu-Ulm, Germany).
Generation of fluorescent in situ hybridization probes
Amplification products obtained by PCR were gel-purified, cloned into a pCR2-TOPO vector
(Invitrogen, Carlsbad, CA), and transformed into One Shot TOP10 competent cells
(Invitrogen), using standard techniques. Positive clones were verified by diagnostic restriction
enzyme digestion and amplicon sequencing. To generate the antisense digoxigenin (DIG)labeled NPY1R cRNA probe, plasmids were linearized by digestion with BAMHI and subjected
to in vitro transcription with T7 RNA polymerase according to the manufacturer's protocol
(Roche, Basel, Switzerland). For generation of the sense DIG-labeled NPY1R cRNA probe,
plasmids were linearized by digestion with EcoRV and subjected to in vitro transcription with
SP6 RNA polymerase. To generate antisense fluorescein-labeled ppENK and pDYN cRNA
probes, plasmids were linearized by digestion with BAMHI for ppENK and EcoRV for pDYN,
and subjected to in vitro transcription with T7 RNA polymerase (for ppENK), or SP6 (for pDYN)
according to the manufacturer's protocol (Molecular Probes, Eugene, OR, USA). Hybridization
with sense probes was included as a control to confirm the specificity of the in situ
hybridization protocol. These sense hybridization probes did not show any fluorescent
hybridization signal.

Table S1. In situ hybridization primers.
NCBI reference Primers
number
Npy1r

Transcript
nucleotide
number
1337-1882

Forward: GAAGCAGGCTAGCCCAGTC
506
Reverse: TCAGGTGGTGACTGCTTTTG
ppENK
NM_001002927 Forward: AACAGGATGAGAGCCACTTG
437
568-1041
Reverse: CTTCATCCGAGGGTAGAGAC
pDYN
NM_018863
Forward: TCTTTTCTCACCCTGACTGC
371
510-916
Reverse: CCATAGCGTTTGTACAGGTC
Npy1r = Neuropeptide Y receptor subtype 1, pDyn = prodynorphin, ppENK = preproenkephalin
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B. Supplemental Results

Figure S1. Effect of intra-NAc NPY on A) 5-hour, and B) 24-hour intake of the chow, sugar (sucrose
water), and fat component. The intake of chow, sugar (sucrose water), and fat is not increased after 5
or 24 hours after NPY administration in the NAc of male Wistar rats. NAc = nucleus accumbens, NPY =
Neuropeptide Y, veh = saline vehicle.
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Figure S2. Effect of pretreatment with NPY receptor subtype 1 antagonist (Y1a) on NPY-induced fat
intake in rats with uni- or bilateral cannula placement in the NAc shell (N = 11). Rats with unilateral
or bilateral cannula placement in the Nac shell showed increased fat intake, consistent with Figure 1A.
Pretreatment with the NPY1R antagonist GR231118 (Y1a) did not significantly attenuate the NPYinduced fat intake (Figure 1B; Two-way repeated measures ANOVA: effect of NPY F1,10 = 4.6; p = 0.06;
effect of pretreatment F1,10 = 5.3; p = 0.04), but no interaction effect of NPY* pretreatment (F1,10 = 1.0;
p = 0.34); post hoc: *p < 0.05. Interestingly, only when the NPY1R antagonist was infused bilaterally in
the medial shell, were NPY’s effects on fat intake completely abolished, suggesting an important role
of the medial shell in the NPY1R mediated effects, and that the NPY1R in the NAc-shell is involved in
the effect of NPY on fat intake. NAc = nucleus accumbens, NPY = Neuropeptide Y.
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Figure S3. A) Fluorescent microscopy shows the expression pattern of dynorphin (DYN) and NPY
receptor subtype 1 (Y1R) mRNA in the nucleus accumbens (NAc). B) Confocal microscopy showing colocalization of Npy1r on a subpopulation of DYN neurons in the NAc. Horizontal arrows indicate colocalization. AC = anterior commissure, DAPI = nuclear staining.
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Abstract
The preclinical multicomponent free-choice high-fat high-sucrose (fcHFHS) diet has strong
validity to model diet-induced obesity and associated maladaptive molecular changes in the
central nervous system. fcHFHS-induced obese rats demonstrate increased sensitivity to
intracerebroventricular infusion of the orexigenic Neuropeptide Y (NPY). The brain regionspecific effects of NPY signaling on fcHFHS diet component selection are, however, not
completely understood. For example, fcHFHS-fed rats have increased intake of chow and fat
following intracerebroventricular NPY infusion, whereas NPY administration in the nucleus
accumbens, a key hub of the reward circuitry, specifically increases fat intake. Here, we
investigated whether NPY infusion in the lateral hypothalamic area (LHA), which is crucially
involved in the regulation of food intake, regulates fcHFHS component selection, and if LHA
NPY receptor subtypes 1 or 5 (NPYR1/5) are involved.
Male Wistar rats were fed a chow or fcHFHS diet for at least seven days, and received
intra-LHA vehicle or NPY infusions in a crossover design. Diet component intake was
measured two hours later. Separate experimental designs were used to test the efficacy of
NPY1R or NPY5R antagonism to prevent the orexigenic effects of intra-LHA NPY.
Intra-LHA NPY increased caloric intake in chow- and fcHFHS-fed rats. This effect was
mediated specifically by chow intake in fcHFHS-fed rats. The orexigenic effects of intra-LHA
NPY were prevented by NPY1R and NPY5R antagonism in chow-fed rats, but only by NPY5R
antagonism in fcHFHS-fed rats. Thus, NPY signaling has brain region-specific effects on fcHFHS
component selection, and LHA NPYR sensitivity is dysregulated during consumption of a
fcHFHS diet.
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Introduction
The global prevalence of obesity has increased strongly during the last four decades and has
reached pandemic levels (Bluher, 2019). Obesity increases the risk for many health
impairments, including type 2 diabetes mellitus and cardiovascular diseases, making it a
major challenge for individual and public health, and the economy (Bluher, 2019; Stevens et
al., 2012; World Health Organization, 2015). The consumption of palatable, energy-dense
food, enriched with fats and sugars, dysregulates peripheral and central processes involved in
energy homeostasis. Overconsumption of these diets can promote the development of
obesity.
Neuropeptide Y (NPY) is a potent regulator of caloric intake and energy homeostasis,
(Clark et al., 1985; Loh et al., 2015; Stanley, Chin, et al., 1985). Hypothalamic expression of
Npy is increased during fasting conditions (Hahn et al., 1998; Marks et al., 1992). NPY neurons
in the arcuate nucleus of the hypothalamus integrate central and peripheral information on
energy status and relay this information throughout the brain via NPY signaling on four Gprotein-coupled NPY receptor subtypes: NPY1R, NPY2R, NPY4R, and NPY5R, to regulate
aspects of energy balance (Kohno & Yada, 2012; Michel et al., 1998; Sim & Joseph, 1991).
During diet-induced obesity (DIO), the brain NPY circuitry is dysregulated. For example,
sensitivity to intraventricular NPY infusion is increased and arcuate nucleus NPY levels are
altered, which may occur in a diet component and/or nutrient-specific manner (M. C. Gumbs
et al., 2016; Hansen et al., 2004; van den Heuvel, Eggels, van Rozen, et al., 2014; Widdowson
et al., 1999).
Administration of NPY in the hypothalamus has classically been associated with
increased carbohydrate intake (Stanley, Daniel, et al., 1985; Tempel & Leibowitz, 1990).
However, depending on prior dietary preference, it can also increase fat intake (Stanley et al.,
1989). Indeed, using the obesogenic free-choice high-fat high-sucrose (fcHFHS) diet,
consisting of a container of chow, a dish of beef tallow, a bottle of tap water, and a bottle of
30% sucrose solution, to model DIO in rats (la Fleur et al., 2007; Slomp et al., 2019), we have
demonstrated that intracerebroventricular infusion of NPY increases intake of the chow and
fat diet components, but not of the sucrose solution (van den Heuvel, Eggels, van Rozen, et
al., 2014). Furthermore, the stimulatory effects of NPY on fat intake require NPY1R action in
the nucleus accumbens, a key brain region of the reward circuitry (van den Heuvel et al.,
2015). These observations indicate that the effects of NPY on fcHFHS diet component
selection are mediated in a brain region-specific manner. As NPY administration in the
nucleus accumbens did not increase chow intake, it remains to be determined via which brain
region NPY signaling can increase chow intake in rats during consumption of a fcHFHS diet.
To date, several studies have used pharmacological approaches to investigate which
NPY receptor subtype mediates the orexigenic effects of NPY following intracerebroventri-
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cular administration (e.g. [Jain, Horvath, Kalra, & Kalra, 2000; Kanatani et al., 1998; Kanatani
et al., 1999; Widdowson et al., 1999; Yokoksuka, Kalra, & Kalra, 1999]). However, no study
has investigated these aspects in a brain region-specific manner. The lateral hypothalamic
area (LHA) is a key brain region involved in the orexigenic effects of NPY on chow intake
(Stanley, Chin, et al., 1985; Stanley et al., 1993; Tiesjema et al., 2007; Tiesjema et al., 2009).
No study has, however, investigated which NPY receptor subtype underlies the orexigenic
effects of intra-LHA NPY administration. It has thus remained unclear which NPY receptor
subtype underlies the effects of intra-LHA NPY on caloric intake and whether this is
dysregulated in rats fed a fcHFHS diet. Central activation of NPY1Rs or NPY5Rs increases
caloric intake (Hu et al., 1996; Kanatani et al., 2000; Mullins et al., 2001), whereas activation
of the NPY2R decreases caloric intake (Abbott et al., 2005; Batterham et al., 2002). This makes
NPY2Rs unlikely mediators of the orexigenic effects of intra-LHA NPY administration. Central
activation of NPY4Rs also increases caloric intake (Campbell et al., 2003; G. Katsuura et al.,
2002; Nakajima et al., 1994). However, this receptor subtype has a strong binding preference
to pancreatic polypeptide, a ligand from the PP-fold family of ligands, over NPY, making it a
less likely mediator of the orexigenic effects of intra-LHA NPY administration (Bard et al.,
1995; Gerald et al., 1996; Lundell et al., 1995).
The aim of this study was to determine whether NPY signaling in the LHA regulates
fcHFHS diet component selection. To do this, we first determined if intra-LHA NPY increases
caloric intake in chow-fed and fcHFHS-fed rats, and if intra-LHA NPY modulates fcHFHS diet
component selection. We then assessed the role of the NPY1R and NPY5R in the orexigenic
effects of intra-LHA NPY in chow-fed and fcHFHS-fed rats, by infusion of the NPY1R antagonist
GR231118 or the NPY5R antagonist L-152,804 in the LHA prior to intra-LHA NPY infusion, and
measuring caloric intake two hours later. Finally, we also quantified Npy1r and Npy5r
expression in the LHA of chow- and fcHFHS-fed rats. This study is the first to determine which
NPY receptor subtypes underlie the effect of intra-LHA NPY infusion on caloric intake, and
whether this process is dysregulated in rats fed a fcHFHS diet. Based on our previous findings
in the nucleus accumbens (van den Heuvel et al., 2015), and the LHA-specific findings
described in this study, we conclude that NPY can increase intake of chow and/or fat in a
brain region-specific manner. We also concluded that LHA NPYR1 sensitivity is lower during
consumption of a fcHFHS diet.

Experimental procedures
Animals and housing
All experiments were performed in male Wistar rats (Charles River Breeding Laboratories,
Sulzfeld, Germany) weighing 270-300 g at arrival at the animal facility of The Netherlands
Institute for Neuroscience (Amsterdam, The Netherlands). Rats were housed in temperature108
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(21 ± 2 ˚C), humidity- (60 ± 5 %) and light-controlled (12:12hr light/dark; lights on 07:0019:00) rooms with background noise (radio) during the entire experiment. Rats had ad libitum
access to a container with a nutritionally-complete high-carbohydrate diet (chow; Teklad
global diet 2918; 24% protein, 58% carbohydrate, and 18% fat, 3.1 kcal/g, Envigo, Horst, The
Netherlands) and a bottle of tap water. The animal ethics committees of the Amsterdam UMC
and The Netherlands Institute for Neuroscience approved all experiments according to Dutch
legal ethical guidelines.
Stereotactic surgery and fcHFHS diet intervention
One week after arrival, rats were implanted with bilateral cannulas targeting the lateral
hypothalamus for the infusion studies. The surgical procedures have been published
previously (van den Heuvel et al., 2015). Briefly, rats were anesthetized with an
intraperitoneal injection of 80 mg/kg ketamine (Eurovet Animal Health, Bladel, The
Netherlands), 8 mg/kg xylazine (Bayer Health Care, Mijdrecht, The Netherlands) and 0.1
mg/kg atropine (Pharmachemie B.V., Haarlem, The Netherlands) and head-fixed in a
stereotactic frame. Permanent 26 gauge stainless steel guide cannulas (C315G-SPC 9 mm;
PlasticsOne, Bilaney Consultants GmbH, Düsseldorf, Germany) were placed in a 10° angle in
the frontal plane with the following coordinates: -2.64 mm anterior/posterior, ±3.44 mm
lateral from Bregma, and -8.2 mm dorsal/ventral below the surface of the skull. Cannulas
were secured to the skull using three anchor screws and dental cement, and were occluded
by stainless steel dummy’s (C315-D; PlasticsOne, Bilaney Consultants GmbH, Düsseldorf,
Germany). Immediately after surgery, rats received an analgesic subcutaneously (Carprofen,
0.5 mg/100g body weight) and were housed individually. Rats recovered from surgery until
they reached pre-surgical body weight before continuation of the experiments. After
recovery, rats received a saline infusion (see Infusion parameters) to habituate to the
handling procedures, which occurred at least one week before the start of the fcHFHS diet
intervention.
Rats had ad libitum access to chow and a bottle of tap water, or to a four-component
fcHFHS diet. The fcHFHS diet allows simultaneous ad libitum access to a dish of saturated beef
tallow (Ossewit/Blanc de Boeuf, Vandemoortele, Belguim; 9 kcal/g), a bottle of 30% w/v
sucrose solution (mixed from commercial grade sugar and tap water; 1.2 kcal/g), chow
pellets, and a bottle of tap water (la Fleur et al., 2007). Intake of diet components was
measured at least 5x/week and all components were refreshed 2x/week. Experimental
infusions were performed after at least seven days of fcHFHS diet consumption.
Intra-LHA infusions
After seven days of fcHFHS diet consumption, all food components were removed from the
cage during the early light phase at 09:00. Intra-LHA infusions were performed at the
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beginning of the light phase (between 09:30 and 11:00). Bilateral intra-LHA infusions of 0.3
μg/ 0.3 μL NPY (H6375, Bachem, Germany) in 0.1 mol PBS (PBS; M090001.02NL; Fresenius
Kabi GmbH, Zeist, The Netherlands), and 0.3 μg/ 0.2 μL NPY1R-antagonist GR231118 in PBS
(sc-361194; Santa-Cruz Biotechnology Inc., Texas, USA; also known as 1229U91 and GW1229),
or 1 nmol/ 0.3 μL NPY5R-antagonist L-152,804 (SML0891; Sigma-Aldrich, Missouri, USA) in
8.9% DMSO (D8418; Sigma-Aldrich) or vehicle (0.3 µL 0.1 mol PBS and 8.9% DMSO in 0.1 mol
PBS, respectively) were performed using an injector that extended 1 mm below the end of
the cannula (C315I, Plastics One, Bilaney Consultants GmbH, Düsseldorf, Germany), and was
connected to a 10 µL Hamilton syringe placed in an infusion pump (Harvard Apparatus,
Massachussets, United States of America). Volumes were infused at a rate of 0.3 µL/min and
infusion was confirmed by monitoring fluid movement in the tubing via a small air bubble.
After infusion, the injector was left in place for 1 min to allow for fluid diffusion. Upon
completion of all infusions, all diet components were returned to the animal cage and
weighed 2 hours following the intra-LHA infusion of NPY and/or NPYR antagonists.
Exp. 1: Effects of intra-LHA NPY infusion on caloric intake in chow-fed and fcHFHS-fed rats
Chow-fed (N = 6) and fcHFHS-fed rats (N = 7) were infused with NPY (0.3 μg/ 0.3 μL) or PBS,
using a balanced cross-over design with two infusions per week separated by at least two
days. At the end of the experiment, rats were perfused, and brains and epididymal fat were
isolated for further processing (see section Perfusion parameters).
Determination of NPY1R and NPY5R antagonist doses
The doses of the NPY1R and NPY5R antagonists were based on a dose-response experiment
performed at the beginning of the dark phase to assess the effect of antagonism of
endogenous NPY signaling, which is high at the beginning of the dark phase (Akabayashi et al.,
1994). In this exploratory experiment, we assessed the efficacy of NPYR1 antagonism to
prevent endogenous NPY-mediated caloric intake by testing intra-LHA infusion of 0, 0.3, 0.45,
1 or 1.5 µg NPY1R antagonist in 0.2 µL 0.1 mol PBS in both diet groups (N = 6/group). At 0.3
µg/0.2 µL, GR231118 did not decrease caloric intake at the start of the dark period, as was
seen with 0.45µg/ 0.2 µL and higher doses (see appendix). For the NPY5R antagonist: 0, 0.5, 1,
or 3 nmol antagonist in 0.3 µL DMSO were tested in both diet groups (N = 6/group). None of
the doses affected intake at the start of the dark period compared to their DMSO control.
Therefore, the dosage with the lowest DMSO concentration to not affect intake was chosen; 1
nmol / 0.3 µL 8.9% DMSO (data not shown).
Exp. 2: Effects of intra-LHA NPY1R antagonism on intra-LHA NPY-induced caloric intake
Chow-fed (N = 4) and fcHFHS-fed rats (N = 6) were infused intra-LHA with the NPY1R
antagonist GR231118 (0.3 µg/0.2 µL) or 0.2 µL PBS 15 min prior to intra-LHA infusion of NPY
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(0.3 µg/ 0.3 µL) or 0.3 µL PBS, using a balanced cross-over design with two infusions per week
separated by at least two days. Diet component intake was measured 2 hours following the
intra-LHA infusions. At the end of the experiment, rats were perfused, and brains and
epididymal fat were isolated for further processing (see section Perfusion parameters).
Exp. 3: Effects of intra-LHA NPY5R antagonism on intra-LHA NPY-induced caloric intake
Chow-fed (N = 4) and fcHFHS-fed rats (N = 6) were infused with the NPY5R antagonist L152,804 (0.3 nmol/0.2 µL) or 8.9% DMSO 15 min prior to intra-LHA infusion of NPY (0.3 µg/
0.3 µL) or PBS, using a balanced cross-over design with two infusions per week separated by
at least two days. After completion of all infusions of experiment 3, rats were given access to
kaolin (K50001; Research Diets Inc., New Brunswick, USA) in their home cage, next to access
to the chow or fcHFHS diet components. Kaolin intake is commonly used as an indication of
nausea (Goineau & Castagne, 2016). One day following the introduction of kaolin to the
homecage, rats were infused intra-LHA with DMSO/NPY (chow-fed N = 3, fcHFHS-fed N = 3) or
NPY5R antagonist/NPY (chow-fed N = 3, fcHFHS-fed N = 4), and caloric intake was measured 2
and 24 hours following intra-LHA infusion. At the end of the experiment, rats were perfused,
and brains and epididymal fat were isolated for further processing (see section Perfusion
parameters).

Table 1. Primer sequences.
Gene
NCBI reference Forward primer 5’- 3’
Reverse primer 5’- 3’
number
NM_001113357.1 TCTCATCGCTGTGGAACGTC
Npy1r
CCGCCAGTACCCAAATGACA
Npy2r
NM_023968.1
TGGTCCTTATACTGGCCTAT
CAGGGTGTTCACCAAAAGAT
Npy4r
NM_031581.2
CATGGACTACTGGATCTTCG
AATGAACCAGATGACCACAA
Npy5r
NM_012869.1
GCCGAAGCATAAGCTGTGGAT
TTTTCTGGAACGGCTAGGTGC
TCGTACCTTTCTCACCACAGTATCTAG
GAAAACTAAGACACCTCCCCATCA
Ubiq-C
NM_017314.1
HPRT
NM_012583.2
CCATCACATTGTGGCCCTCT
TATGTCCCCCGTTGACTGGT
Cyclo-A
NM_017101.1
TGTTCTTCGACATCACGGCT
CGTAGATGGACTTGCCACC
Cyclo-A = Cyclophilin-A, HPRT = Hypoxanthine guanine phosphoribosyl transferase, Npy1r =
Neuropeptide Y receptor 1, Npy2r = Neuropeptide Y receptor 2, Npy4r = Neuropeptide Y receptor 4,
Npy5r = Neuropeptide Y receptor 5, Ubic-C = Ubiquitin-C

Perfusion parameters
At the end of experiments 1, 2, and 3, rats were deeply anesthetized with an intraperitoneal
injection of pentobarbital, and the left epididymal fat pad was quickly isolated and weighed.
Rats were then transcardially perfused with cold saline followed by 4% PFA in 0.1 mol/L PBS
(pH 7.6; 4 °C). Brains were removed and, after 24 hours postfixation in 4% PFA at 4 °C,
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cryoprotected in 30% sucrose in PBS at 4˚C. Brains were then frozen on dry ice and stored at
-80 ˚C until sectioning. Brains were sectioned coronally on a cryostat at 35 μm. The sections
were mounted on Superfrost ++ slides (Merck), stained with thionine (0.5% w/v), and studied
with a light microscope to determine whether cannulas were placed in the LHA.
Exp. 4: Effects of consumption of a fcHFHS diet on LHA Npy1r and Npy5r expression
LHA samples were received from dr. A. Blancas-Velazquez, and have been used in a previously
published study (Blancas-Velazquez et al., 2018), where chow-fed (N = 6) and fcHFHS-fed rats
(N = 6) were kept on their respective diets for six weeks, during which caloric intake and body
weight was monitored. Rats were euthanized at the beginning of the light period (11:00)
using 33%CO2/66%O2 anesthesia followed by rapid decapitation. Brains were quickly isolated,
frozen on dry ice and stored at -80 °C until usage. Epididymal fat pads were isolated and
weighed.
RNA isolation and RT-qPCR procedures have been described before (BlancasVelazquez et al., 2018; M. C. R. Gumbs et al., 2019). Brains were sectioned coronally on a
cryostat at 250 μm. Sections were placed in RNAlater (Ambion, Waltham, MA), and the LHA,
Bregma -1.20 till -3.00 mm according to the Paxinos rat brain atlas (Paxinos & Watson, 2007),
was isolated using a 1 mm-diameter blunt punching needle. Punches were placed in 500 μL
TriReagent (Qiagen), and homogenized using an Ultra Thurrax homogenizer (IKA, Staufen,
Germany). RNA extraction was done by a chloroform extraction followed by RNA purification
using the Machery Nagel nucleospin RNA clean-up kit. RNA quality was determined using
Agilent RNA nano chips, and was analyzed with a Bioanalyzer (Agilent, Santa Clara, USA). Only
RIN values above 8.50 were included. cDNA synthesis was carried out using equal RNA input
(300 ng; as measured with Denovix DS11; Denovix, Wilmington), and the transcriptor firststrand cDNA synthesis kit with oligo d(T) primers (04897030001; Roche Molecular
Biochemicals, Mannheim, Germany). cDNA synthesis reactions without reverse transcriptase
were used as a control for genomic DNA contamination. RT-qPCR was performed for Npy1r,
Npy2r, Npy4r, Npy5r, and the reference genes Ubiquitin-C, Hypoxanthine guanine
phosphoribosyl transferase and Cyclophilin-A (see Table 1 for all primer sequences), using the
SensiFAST no-rox kit (Bioline, London, UK) and Lightcycler® 480 (Roche Molecular
Biochemicals). cDNA (2 μL) was incubated in a final reaction volume of 10 μL containing
SensiFAST and 25 ng per primer. PCR products were analyzed on a DNA agarose gel for qPCR
product size. RT-qPCR quantification was performed using LinReg Software (Ramakers et al.,
2003). Samples deviating >5% from the mean PCR efficiency, and outliers (Grubb’s test) were
excluded. Values were normalized using the geometric mean of the three reference genes.
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Statistical analyses
Only data from rats with correct uni- and bilateral intra-LHA (Bregma -2.28 till -3.72 mm)
placements were included in the data analysis. Correct placements were spaced from Bregma
-2.28 till -3.72 mm and were contained within an area ventral to the Zona incerta, medial of
the internal capsula, and lateral to the dorsomedial and ventromedial hypothalamic nuclei
according to the Paxinos rat brain atlas (Paxinos & Watson, 2007). Kilocaloric intake was
calculated for each diet item and summed to determine total caloric intake. Body weight,
caloric intake over time, and the effect of NPY infusion on intake were analyzed using a
mixed-effects model (REML) followed by post hoc parametric paired t-tests for component
intake comparisons.
Gene expression data complied with normality and equal variance assumptions, which
were confirmed with Shapiro-Wilk and Levene’s tests for equal variance, respectively.
Differences between groups were evaluated using an unpaired Student’s t-test. All statistical
analyses were performed using Graphpad Prism 8 (version 8.0.2 [263], January 30, 2019). For
all cases, a p value < 0.05 was considered significant. All data are presented as mean ± SEM.

Results
Effects of fcHFHS diet consumption
Before the start of the fcHFHS diet intervention, all rats demonstrated comparable pre-diet
body weight and caloric intake. When consuming the fcHFHS diet, rats had significantly
greater total caloric intake and larger epididymal fat pads compared to chow-fed controls
(see Table 2 for an overview of the effects of the fcHFHS diet).

Table 2. Characteristics of dietary intervention.
Experiment 1:
Experiment 2:
Intra-LHA NPY
Y1-antagonist

Experiment 3:
Y5-antagonist

Experiment 4:
LHA NPYR mRNA

CHOW / fcHFHS

CHOW / fcHFHS

CHOW / fcHFHS

CHOW / fcHFHS

302 ± 4 / 302 ± 5
389 ± 5 / 393 ± 5
0.6 ± 0.0 / 0.9 ± 0.1*
75 ± 0.2 / 103 ± 2.1*

321 ± 6 / 325 ± 5
399 ± 7 / 417 ± 7
0.6 ± 0.0 / 0.8 ± 0.1*
72 ± 2.1 / 119 ± 5.5*

366 ± 5 / 366 ± 7
392 ± 7 / 394 ± 14
0.5 ± 0.0 / 0.8 ± 0.1*
79 ± 1.1 / 115 ± 2.2*

243 ± 2 / 243 ± 2
410 ± 5 / 433 ± 7*
0.5 ± 0.0 / 0.9 ± 0.1*
72 ± 1.9 / 98 ± 5.4*

Pre-diet BW (gr)¶
End BW (gr)
EWAT/100 gr BW
Kcal intake/day

¶Body weight presented as mean body weight for the week before diet intervention. Caloric intake in
kcal. BW = body weight, EWAT = epididymal fat pad weight, * p < 0.05 compared to respective CHOW
group, data are presented as mean ± SEM
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Intra-LHA NPY infusion increases chow, but not sucrose or fat intake in fcHFHS-fed rats
To assess the role of the LHA in NPY-mediated fcHFHS component selection, NPY was infused
intra-LHA in chow- and fcHFHS-fed rats, and caloric intake was measured two hours later.
Statistical analysis revealed significant main effects of Diet (F1,10 = 33.85, p = 0.0002) and
Infusion (F1,10 =19.53, p = 0.002). No significant Diet x Infusion interaction effect was observed
(F1,10 = 2.845, p > 0.05). Intra-LHA NPY infusion increased intake of chow in both the chow-fed
rats (t3 = 2.799, p = 0.03) and fcHFHS-fed rats (t6 = 3.074, p = 0.02; see Figures 1A-B). IntraLHA NPY infusion did not significantly affect intake of the sucrose solution (t6 = 1.586, p >
0.05) nor of the fat component (t6 = 1.159, p > 0.05; see Figures 1C-D).

Figure 1. Intra-LHA administration of NPY increases caloric intake in chow- and fcHFHS-fed rats. A) In
chow-fed control rats, intra-LHA administration of NPY (0.3 μg/ 0.3 μL PBS) increases caloric intake of
chow during two hours following NPY administration. B) In fcHFHS-fed rats, intra-LHA administration
of NPY (0.3 μg/ 0.3 μL PBS) increases caloric intake of chow, but not of C) a 30% sucrose solution or D)
fat, during two hours following NPY administration. * p < 0.05

Intra-LHA NPY1R antagonism prevents intra-LHA NPY-mediated chow intake in chow-fed
rats, but not fcHFHS-fed rats
To determine if the effects of intra-LHA NPY on chow intake are mediated by NPY1R, we
infused the NPY1R antagonist GR231118 intra-LHA 15 min before intra-LHA NPY infusion in
chow- and fcHFHS-fed rats, and measured caloric intake two hours later. Statistical analysis
revealed significant main effects of Diet (F1,12 = 13.60, p = 0.003), and Infusion (F3,36 = 13.66, p
< 0.0001), but no Diet x Infusion interaction effect (F3,36 = 2.711, p > 0.05). Intra-LHA NPY
significantly increased intake of chow in both chow- and fcHFHS-fed rats (veh/veh vs.
veh/NPY; p < 0.05, see Figures 2A-B). In chow-fed rats, intra-LHA infusion of GR231118
prevented this effect (veh/NPY vs. Y1-anta/NPY; p = 0.03). However, for the fcHFHS-fed rats,
GR231118 did not prevent the NPY-mediated effects on caloric intake of chow (veh/NPY vs.
Y1-anta/NPY; p > 0.05, see Figure 2B). We observed no significant effect of NPY or NPY1R
antagonism on intake of the sucrose solution (p > 0.05), or fat (p > 0.05; see Figures 2C-D).
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Consistent with the exploratory dose response study (see section Determination of antagonist
doses), NPY1R antagonism did not significantly affect baseline caloric intake in chow- or
fcHFHS-fed rats (veh/veh vs. Y1-anta/veh; p > 0.05).

Figure 2. Intra-LHA NPY1R antagonism prevents intra-LHA NPY-mediated chow intake in chow-fed,
but not fcHFHS-fed rats. A) In chow-fed control rats, intra-LHA administration of NPY (0.3 μg/ 0.3 μL
PBS) increases caloric intake of chow during two hours following NPY administration, and this is
prevented by prior infusion of the NPY1R antagonist GR231118 (Y1-anta; 0.3 μg/ 0.3 μL PBS. B) In
fcHFHS-fed rats, intra-LHA administration of NPY (0.3 μg/ 0.3 μL PBS) increases caloric intake of chow,
but this is not prevented by prior infusion of the NPY1R antagonist GR231118. C) In fcHFHS-fed rats,
intra-LHA NPY or NPY1R-antagonist GR231118 infusion does not affect intake of a 30% sucrose
solution, or D) intake of fat, during two hours following NPY administration.* p < 0.05

Intra-LHA NPY5R antagonism prevents intra-LHA NPY-mediated chow intake in both diet
groups
To determine if the effects of intra-LHA NPY on chow intake are mediated by NPY5Rs, we
infused the NPY5R antagonist L-152,804 in the LHA 15 min prior to intra-LHA NPY infusion in
chow- and fcHFHS-fed rats and measured caloric intake two hours later. Statistical analysis
revealed significant main effects of Diet (F1,8 = 8.523, p = 0.02) and Infusion (F3,24 = 7.200; p =
0.002), but not a Diet x Infusion interaction effect (F3,24 = 1.176, p > 0.05). In both chow-fed
and fcHFHS-fed rats, intra-LHA NPY infusion significantly increased intake of chow (DMSO/PBS
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vs. DMSO/NPY, p = 0.001), and prior infusion of NPY5R antagonist blocked this effect
(DMSO/NPY vs. Y5-anta/NPY; p = 0.04; see Figures 3A-B). We observed no significant effect of
intra-LHA NPY or NPY5R antagonism on intake of the sucrose solution (p > 0.05), or fat (p >
0.05; see Figures 3C-D). Consistent with the exploratory dose response study (data not
shown), NPY5R antagonism did not significantly affect baseline caloric intake in chow-fed or
fcHFHS-fed rats (DMSO/PBS vs. Y5-anta/PBS; p > 0.05). In addition, both chow- and fcHFHSfed rats did not increase kaolin intake after DMSO/NPY vs. Y5-anta/NPY infusion at 2 or 24
hours after infusion (all time points and conditions: intake < 0.1 gr, data not shown),
suggesting that intra-LHA infusion of these combinations did not induce nausea.

Figure 3. Intra-LHA NPY5R antagonism prevents intra-LHA NPY-mediated chow intake in chow-fed,
but not fcHFHS-fed rats. A) In chow-fed control rats, intra-LHA administration of NPY (0.3 μg/ 0.3 μL
PBS) increases caloric intake of chow during two hours following NPY administration, and this is
prevented by prior infusion of the NPY5R antagonist L-152,804 (Y5-anta 1 nmol μg/ 0.2 μL 8.89%
DMSO). B) In fcHFHS-fed rats, intra-LHA administration of NPY (0.3 μg/ 0.3 μL PBS) increases caloric
intake of chow, and this is also prevented by prior infusion of the NPY5R antagonist L-152,804 (1 nmol
μg/ 0.2 μL 8.89% DMSO). C) In fcHFHS-fed rats, intra-LHA NPY- or NPY5R-antagonist infusion does not
affect intake of a 30% sucrose solution, or D) intake of fat, during two hours following NPY
administration. * p < 0.05
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Exposure to a fcHFHS diet does not alter LHA Npy1r or Npy5r expression
To determine whether the difference in the response to intra-LHA NPY1R or NPY5R
antagonism in chow- and fcHFHS-fed rats resulted from differences in LHA NPY1R or NPY5R
levels, we measured Npy1r and Npy5r expression in LHA punches from chow- and fcHFHS-fed
rats after six weeks of diet consumption. However, no significant differences were observed
in LHA Npy1r (t9 = 0.3697, p > 0.05), or Npy5r expression (t11 = 0.8229 p > 0.05; see Figure 4).
As this suggested that expression of other LHA NPY receptor subtypes might be modulated by
the fcHFHS, we also assessed Npy2r and Npy4r expression in the LHA punches. However, also
no differences in LHA Npy2r expression (t11 = 0.2751, p > 0.05), or Npy4r expression (t12 =
1.304, p > 0.05) were observed (see Figure 4).

Figure 4. Consumption of a fcHFHS diet for six weeks does not modulate LHA NPY receptor mRNA
levels. LHA A) Npy1r, B) Npy5r, C) Npy2r, and D) Npy4r mRNA levels were unchanged between chowfed and fcHFHS-fed rats following six weeks of diet consumption.

Discussion
In this study, we provide evidence that NPY has brain area-specific effects on caloric intake
and fcHFHS diet component selection by demonstrating that administration of NPY in the LHA
increases chow intake in both chow- and fcHFHS-fed rats. We also determined, for the first
time, that NPY receptor subtypes 1 and 5 play an important role in mediating the effects of
intra-LHA NPY on caloric intake in both diet groups, and furthermore, that exposure to the
obesogenic fcHFHS diet results in lower sensitivity to intra-LHA administration of an NPY1R
antagonist, but leaves sensitivity to an NPY5R antagonist unchanged. We also showed that
the changes in receptor sensitivity to a receptor-specific antagonist could not be explained by
altered gene expression levels. Taken together with the findings previously described by our
group (van den Heuvel et al., 2015), we conclude that NPY has brain region-specific effects on
dietary selection intake. More specifically, NPY signaling in the nucleus accumbens appears to
regulate the specific intake of palatable fat, whereas the lateral hypothalamic area appears to
regulate the specific intake of chow.
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A role for LHA NPY1R and NPY5R in the regulation of caloric intake
Here, we demonstrate that intra-LHA administration of NPY increases the intake of chow. Our
data are in accordance with previously published experiments (Stanley et al., 1993). As intraLHA administration of NPY elicits the most potent feeding response compared to other brain
regions (Stanley et al., 1993; Tiesjema et al., 2007; Tiesjema et al., 2009), the LHA clearly plays
a dominant role in the regulation of chow intake. However, we cannot exclude a similar role
for other brain regions (Stanley, Chin, et al., 1985). Several experimental paradigms have
demonstrated that NPY signaling regulates caloric intake through the NPY1R (MacNeil, 2007).
Indeed, administration of NPY1R antagonists in the lateral ventricle consistently reduces
caloric intake under physiological circumstances when endogenous NPY levels are high (e.g.
fasting; [Kanatani et al., 1996; Widdowson et al., 1999]). Such NPY1R antagonism also
prevents the increase in caloric intake induced by intraventricular administration of NPY in
chow-fed rats (Jain et al., 2000; Kanatani et al., 1996; Kanatani et al., 1998; Kanatani et al.,
1999; Widdowson et al., 1999). Here, we demonstrate that NPY1R antagonism in the LHA
prevents caloric intake induced by intra-LHA administration of NPY.
One study has indicated that intraventricular NPY1R antagonism does not reduce
spontaneous overnight intake in rats (Widdowson et al., 1999). Finding no effect of
intraventricular NPY1R antagonism on overnight intake might be explained by the short-term
effects of NPY on caloric intake, which will be occluded by measuring intake after an
overnight period. Our exploratory NPY1R antagonist dose response study indicated that intraLHA NPY1R antagonism lowers caloric intake in the first two hours at the start of the dark
period, when rats normally consume many calories and NPY levels are increased (JhanwarUniyal et al., 1990), but only at doses higher than 0.3 μg/ 0.2 μL (Appendix). Together, these
findings indicate that LHA NPY1Rs are involved in the physiological regulation of caloric
intake.
A role for NPY5Rs in the regulation of caloric intake is less clear. To date, studies
investigating the efficacy of NPY5R antagonism to limit caloric intake have produced
inconsistent results (MacNeil, 2007). A potential explanation for this might be the difference
in specificity of the used NPY5R antagonists. For example, highly effective NPY5R antagonists
may show cross-reactivity with other receptors that play a role in the regulation of caloric
intake (Della Zuana et al., 2001). Furthermore, in order to assess if NPY5R antagonists were
able to prevent spontaneous intake in chow-fed animals, NPY5R antagonists have been
administered using various administration routes and doses (Daniels, Grizzle, Wiard,
Matthews, & Heyer, 2002; Elliott, Oliver, Hammond, et al., 2003; Gillman et al., 2006;
Hammond et al., 2003; Turnbull et al., 2002). Studies that do not observe effects of NPY5R
antagonism on caloric intake, often show variable results and often do not report full
specificity assays related to the used NPY5R antagonist (Elliott, Oliver, LaFlamme, et al., 2003;
Haga et al., 2009; Kakui et al., 2006; G. Li et al., 2008; Mashiko et al., 2008; Moriya et al.,
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2009; Sakamoto, Moriya, Haga, et al., 2009; Sakamoto, Moriya, Tsuge, et al., 2009; Sato et al.,
2009; H. Takahashi et al., 2009; T. Takahashi et al., 2009; Torrens et al., 2005; Walker et al.,
2009; Youngman et al., 2000). Nonetheless, the majority of NPY5R antagonists used, showed
no effects on intracerebroventricular NPY-mediated increases in caloric intake. This was even
the case when the NPY5R antagonist was also infused intracerebroventricularly or specifically
into the paraventricular nucleus of the hypothalamus (Daniels et al., 2002; Gillman et al.,
2006; Turnbull et al., 2002). In contrast, L-152,804, the NPY5R antagonist used in this study,
has been extensively tested for specificity (see related discussion in Technical considerations).
In accordance with the current view on NPY5R function, L-152,804 does not affect
spontaneous caloric intake or intracerebroventricular NPY-mediated increases in caloric
intake (Ishihara et al., 2006; Kanatani et al., 2000). However, it can prevent increases in
caloric intake elicited by intracerebroventricular administration of an NPY5R-specific agonist
(Ishihara et al., 2006; Kanatani et al., 2000). This suggests a physiological role for NPY5Rs in
the regulation of caloric intake during specific physiological conditions. Together with our
findings that intra-LHA NPY5R antagonism can block NPY-induced intake, these observations
indicate that characterizing the brain region-specific effects of NPY5R antagonism is necessary
to provide full insight into the role of the NPY5Rs in feeding behavior.
Consumption of a fcHFHS diet dysregulates NPYR1, but not NPY5R, signaling in the LHA
A limited number of studies have looked into the effects of NPY1R and NPY5R antagonism in
animal models consuming palatable high-caloric diets. Here, we show that rats that were fed
a fcHFHS diet for a minimal amount of seven days demonstrated a reduction in caloric intake
in response to intra-LHA NPY5R antagonism, but did not decrease caloric intake in response
to intra-LHA NPY1R antagonism. Oral administration of L-152,804 to mice fed an obesogenic
diet led to decreased caloric intake (Ishihara et al., 2006). In contrast, intracerebroventricular
administration of an NPY1R antagonist in DIO rats that had been switched back to normal
chow, does not reduce caloric intake (Widdowson et al., 1999). Our data appear to be in line
with these observations, suggesting that consumption of a high-caloric diet dysregulates
central NPYR1, but not NPY5R, function.
Dysregulated function of central NPY1Rs, but not NPY5Rs, could occur via several
adaptations. We quantified Npy1r and Npy5r expression in the LHA and detected no
differences between rats fed a standard chow diet or a fcHFHS diet. This suggests that
functional changes at the protein level or internalization rates, and not simply changes in
receptor expression levels, might explain the differences in behavioral responding to receptor
subtype-specific antagonism. Furthermore, Npy-expressing neurons in the arcuate nucleus of
the hypothalamus are more excitable after consumption of a palatable high-caloric diet
(Baver et al., 2014; W. Wei et al., 2015), and Npy expression in the arcuate nucleus is higher
during consumption of a fcHFHS diet (M. C. Gumbs et al., 2016; la Fleur et al., 2010). Taken
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together, these observations suggest greater NPY release in NPY-projection areas, including
the LHA, which may result in receptor modification, including glycosylation or phosphorylation states. Notably, NPY1Rs and NPY5Rs have different agonist-driven receptor
internalization mechanisms, as internalization of NPY5Rs is relatively insensitive to NPY
concentration (Berglund, Schober, Statnick, McDonald, & Gehlert, 2003; S. L. Parker, Parker,
Buschauer, & Balasubramaniam, 2003). Moreover, NPY1Rs show a ligand concentrationdependent blockade; a high NPY concentration leads to receptor blockade (S. L. Parker,
Parker, Sah, Balasubramaniam, & Sallee, 2007; Sah, Balasubramaniam, Parker, Sallee, &
Parker, 2005). Together, these differences may underlie the retention of LHA NPY5R function,
but not that of NPY1R function, during consumption of a fcHFHS diet. Lastly, NPY1Rs and
NPY5Rs can form heterodimers with each other and with other G protein-coupled receptors
(Dinger, Bader, Kobor, Kretzschmar, & Beck-Sickinger, 2003; Gehlert, Schober, Morin, &
Berglund, 2007; Kilpatrick, Humphrys, & Holliday, 2015). Therefore, a loss of NPY1R function
may represent an increase in the heterodimerization of these receptors at the expense of
NPY1R homodimers. Additional studies will have to address whether changes in
internalization rates or altered heterodimer composition underlie the differences in
behavioral responding to NPY1R- and NPY5R-specific antagonism during consumption of a
fcHFHS diet.
Lateral hypothalamic NPY circuitry: relatively unknown
All NPY receptor subtypes are expressed in the LHA (Fetissov, Kopp, & Hokfelt, 2004). The LHA
also contains several populations of neurons that are involved in the regulation of caloric
intake. However, the role of NPY signaling in these neuronal populations is complex. For
example, Hypocretin- (also known as orexin) and pro-melanin concentrating hormone (MCH)expressing neurons are two orexigenic neuron populations that are expressed exclusively in
the LHA and adjacent areas (Bittencourt et al., 1992; Broberger, De Lecea, et al., 1998; Qu et
al., 1996; Sakurai et al., 1998). Both hypocretin and MCH neurons have been functionally
linked to the regulation of caloric intake by NPY (Chaffer & Morris, 2002; Ida et al., 2000; Jain
et al., 2000; Yamanaka et al., 2000). For example, NPY afferents were found in close
apposition to neurons of both populations (Broberger, Johansen, et al., 1998; Elias et al.,
1998; Horvath, Diano, & van den Pol, 1999). However, the functional nature of these
interactions and their NPY receptor expression profile has not yet been fully characterized.
Other LHA neuronal populations also play a role in feeding behaviors and may be
linked with NPY signaling, such as nitric oxide synthase-expressing neurons (Fetissov et al.,
2003; Morley, Alshaher, Farr, Flood, & Kumar, 1999; Morley, Farr, Sell, Hileman, & Banks,
2011), or GABAergic glutamate-decarboxylase-65-immunoreactive neurons (Jennings et al.,
2015; Karnani, Szabo, Erdelyi, & Burdakov, 2013). From our data, it is likely that the NPY1R
and NPY5R are mediating NPYs effects via postsynaptic effects, as blocking presynaptic NPY
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receptors would be unlikely to suppress feeding elicited by exogenous NPY. Therefore, it is
important to know the distribution of NPY receptors on different cell types in the LHA and the
functional interaction of NPY with them. In addition, endogenous NPY projections towards
the LHA can originate in multiple brain regions including the arcuate nucleus of the
hypothalamus and the ventrolateral medulla of the brainstem (Carstens et al., 1990; Elias et
al., 1998; Sawchenko et al., 1985). However, it has not yet been investigated which NPYergic
source(s) of the LHA mediate the effects on feeding behavior. Further research will have to
investigate these open standing questions to determine which effector pathways arise in the
LHA to mediate the effect of endogenous NPY release on feeding behavior.
Technical considerations
Here, we used the NPY1R antagonist GR231118 and the NPY5R antagonist L-152,804 to
prevent the effects of intra-LHA NPY administration. GR231118 potently antagonizes NPY1R,
but also acts as an agonist at NPY4R (E. M. Parker et al., 1998; Schober, Van Abbema, Smiley,
Bruns, & Gehlert, 1998). However, it has to be noted that intra-LHA activation of NPY4Rs
results in increased caloric intake and that NPY4R has a low affinity to NPY (Campbell et al.,
2003; Gerald et al., 1996). Thus, the ability of GR231118 to prevent intra-LHA NPY-mediated
increases in caloric intake likely results from NPY1R antagonism. The NPY5R antagonist L152,804 is both very potent and highly selective for the NPY5R, which has been confirmed in
NPY5R loss-of-function mice (Ishihara et al., 2006; Kanatani et al., 2000). However, the
chemical nature of L-152,804 is associated with low solubility and requires it to be dissolved
in DMSO, which can affect caloric intake when administered at a high dose. These
disadvantages limited the range of the doses that could be tested in this study. However, we
identified and used a dose that was soluble in DMSO, and that was effective in preventing
intra-LHA NPY-mediated increases in caloric intake. Notably, intra-LHA administration of 8.9%
DMSO did not differ from intake after the saline test infusion prior to exposure to the fcHFHS
diet (data not shown). Moreover, administration of both 8.9% DMSO and NPY did not lead to
kaolin intake, which is an indication for nausea (see Results section; [Goineau & Castagne,
2016]). This is in line with the observations that small volumes of DMSO do not negatively
impact caloric intake (Blevins, Stanley, & Reidelberger, 2002). Thus, we conclude that the
effect of intra-LHA L-152,804 on NPY-induced intake results from NPY5R antagonism, and is
not a result from general nausea.

Summary
Our study is the first to investigate which NPY receptor subtype mediates the effects of intraLHA administration of NPY on caloric intake by employing a pharmacological approach. Our
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results show that intra-LHA NPY increases the intake of chow via the NPY1R and NPY5R, but
that these effects are modulated by consumption of a fcHFHS diet. Indeed, in chow-fed
control rats antagonism of either LHA NPY1Rs or NPY5Rs prevented the effects of NPY on
intake. In fcHFHS-fed rats, however, antagonism of LHA NPY1Rs did not prevent the effects of
NPY on intake. This dysregulation of NPY1R function could not be explained by changes in
Npy1r gene expression. Together with our previous study, where we demonstrate that
administration of NPY in the nucleus accumbens results in higher intake of the fat component
of the fcHFHS diet specifically (van den Heuvel et al., 2015), our findings show that NPY
signaling has brain region-specific effects on dietary selection. Our study provides insight into
the neuroanatomical and functional substrates of the NPY brain circuitry under normal
physiological circumstances and during consumption of a fcHFHS diet.
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Abstract
Central Neuropeptide Y (NPY) signaling plays an important role in energy regulation, and the
NPY brain circuitry is affected during diet-induced obesity. NPY receptors are widely
distributed throughout the brain and have been extensively studied within the
paraventricular nucleus (PVN) of the hypothalamus, where NPY modulates feeding dependent
on dietary intake of fat or carbohydrates. Although NPY within the lateral hypothalamus (LHA)
elicits stronger effects on caloric intake compared to the PVN, it is unknown if the intra-LHA
NPY effects on caloric intake are modulated by dietary choice and/or composition. Here, we
determined if dietary choice and/or composition modulate the orexigenic effects of intra-LHA
NPY.
Male Wistar rats were fed a free-choice high-fat high-sucrose (fcHFHS), free-choice
high-fat (fcHF), free-choice high-sucrose (fcHS) or control (CHOW) diet for one week before
NPY (0.3 μg / 0.3 μL phosphate-buffered saline [PBS]) or PBS (0.3 μL) was infused into the
LHA. Food intake was measured 2 hours later. fcHFHS-fed rats were divided into fcHFHS-high
fat (fcHFHS-hf) and fcHFHS-low fat (fcHFHS-lf) groups based on differences in basal fat intake.
Intra-LHA NPY infusion increased intake of chow and fat in fcHFHS-hf rats, but only
chow intake in fcHFHS-lf, fcHF- and CHOW-fed rats. Intra-LHA NPY infusion did not affect
caloric intake in fcHS-fed rats.
Intra-LHA NPY infusion preferentially increases the intake of chow, which contains
complex carbohydrates and protein. Intra-LHA NPY also increases fat intake in fcHFHS-fed rats
that consume at least 21 % of basal intake from fat. Thus, intra-LHA infusion modulated
dietary intake similar to the effects described previously for intra-PVN NPY infusion.
Furthermore, the effects of intra-LHA NPY on fat intake appear to be dependent on both
baseline fat intake as well as the availability of a sucrose solution, as fcHF-fed rats did not
increase fat intake after intra-LHA NPY infusion. Finally, the absence of an orexigenic NPY
response in fcHS-fed rats suggests that sucrose solution consumption affects LHA NPY
sensitivity. Taken together, our findings demonstrate that dietary choice and composition
modulate the orexigenic effects of intra-LHA NPY in the male Wistar rat.
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Introduction
Chronic consumption of palatable high-calorie foods, enriched with fats and sugars, is an
important driver for the development of obesity. In addition to the impact of their energydense content on bodily energy stores, such diets also dysregulate peripheral and central
processes involved in energy homeostasis, including the Neuropeptide Y (NPY) brain circuitry
(la Fleur et al., 2010; van den Heuvel, Eggels, van Rozen, et al., 2014). NPY neurons in the
arcuate nucleus of the hypothalamus (Arc) sense and process peripheral signals of energy
balance (Kohno & Yada, 2012), and contribute to the regulation of energy balance by relaying
this information to other hypothalamic and extra-hypothalamic projection areas through four
NPY receptor (NPYR) subtypes (Broberger, De Lecea, et al., 1998; M. C. R. Gumbs et al., 2019;
Michel et al., 1998; Sim & Joseph, 1991; van den Heuvel et al., 2015). Arc NPY gene and
protein expression fluctuates with the energetic state of the animal (i.e. fed versus fasting),
and is also modulated by diet composition (M. C. Gumbs et al., 2016; Hahn et al., 1998; Marks
et al., 1992; J. Wang et al., 1999). NPY projections from the Arc to the paraventricular nucleus
of the hypothalamus (PVN) and the lateral hypothalamic area (LHA) are important for the
orexigenic effects of NPY. For example, NPY infusion or virus-mediated overexpression of Npy
in either the PVN or LHA increases intake (Stanley, Daniel, et al., 1985; Tiesjema et al., 2007;
Tiesjema et al., 2009). In addition, NPY levels and exogenous NPY application in the PVN are
primarily associated with carbohydrate intake, though intra-PVN NPY infusion can also
promote the intake of fat, depending on prior dietary preference and/or the availability of
dietary choice options (Beck et al., 2001; Smith et al., 1997; Stanley et al., 1989; Stanley, Chin,
et al., 1985; J. Wang et al., 1999). Intra-LHA NPY infusion induces strong orexigenic effects,
and LHA NPY peptide levels are affected by the energetic state of the animal (Beck, JhanwarUniyal, et al., 1990; Stanley et al., 1993). In addition, virus-mediated overexpression of Npy in
the LHA promotes long-lasting increases in caloric intake, as compared to the temporary
increases observed after virus-mediated overexpression of Npy in the PVN (Tiesjema et al.,
2007). Nonetheless, it is currently not known if the orexigenic effects of intra-LHA NPY are
modulated by dietary choice and/or composition.
Here, we determined if the orexigenic effects of intra-LHA NPY are modulated by
dietary choice and/or composition by giving male Wistar rats ad libitum access to a freechoice high-fat high-sucrose (fcHFHS), a free-choice high-fat (fcHF), a free-choice high-sucrose
(fcHS) or a control (CHOW) diet. After one week of diet consumption, NPY or saline was
infused into the LHA in a crossover design and intake was measured two hours following
infusion. The fcHFHS-fed group was divided into fcHFHS-high fat (fcHFHS-hf) and fcHFHS-low
fat (fcHFHS-lf) subgroups based on basal fat intake.
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Experimental procedures
Animals and housing
All experiments were performed in male Wistar rats (Charles River Breeding Laboratories,
Sulzfeld, Germany) weighing 270-300 g at arrival to the animal facility of The Netherlands
Institute for Neuroscience (Amsterdam, The Netherlands). Rats were housed in temperature(21 ± 2 ˚C), humidity- (60 ± 5%) and light-controlled (12:12hr light/dark; lights on 07:00-19:00)
rooms with background noise (radio) during the entire experiment. Before the start of the
diet, rats had ad libitum access to a container with a nutritionally-complete highcarbohydrate diet (chow; Teklad global diet 2918; 24% protein, 58% carbohydrate, and 18%
fat, 3.1 kcal/g, Envigo, Horst, The Netherlands) and a bottle of tap water. The animal ethics
committees of the Amsterdam UMC and The Netherlands Institute for Neuroscience
approved all experiments according to Dutch legal ethical guidelines.
Stereotactic surgery
After one week of acclimatization, rats were implanted with bilateral cannulas aimed at the
LHA for infusion of NPY. Rats were anesthetized with an i.p. injection of 80 mg/kg ketamine
(Eurovet Animal Health, Bladel, The Netherlands), 8 mg/kg xylazine (Bayer Health Care,
Mijdrecht, The Netherlands) and 0.1 mg/kg atropine (Pharmachemie B.V., Haarlem, The
Netherlands), and fixed in a stereotactic frame. Permanent 26-gauge stainless steel guide
cannulas (C315G-SPC 9 mm; Plastics One, Bilaney Consultants GmbH, Düsseldorf, Germany)
were placed in an angle of 10° in the frontal plane with Bregma coordinates A/P: -2.64 mm, L:
±3.44 mm, and D/V: -8.2 mm below the surface of the skull. Cannulas were secured to the
skull using four anchor screws and dental cement, and were occluded by stainless steel
dummy’s (C315-D; Plastics One). After surgery, rats received an analgesic subcutaneously
(Carprofen, 0.5 mg/100g body weight) and were housed individually. Rats recovered from
surgery until they reached pre-surgical body weight before continuation of the experiments.
After recovery, rats received a saline infusion (see Infusion parameters) to habituate to the
handling procedures, which occurred at least one week before the start of the diet
intervention.
Diet interventions
Rats were divided into four experimental groups with ad libitum access to their respective
dietary components: a control group (CHOW; chow diet and a bottle of tap water; N = 14), a
free-choice high-fat high-sucrose group (fcHFHS; chow, a bottle of tap water, a dish of
saturated beef tallow [Ossewit/Blanc de Boeuf, Vandemoortele, Belgium; 9 kcal/g] and a
bottle of 30% sucrose solution [mixed from commercial grade sugar and tap water; 1.2
kcal/g]; N = 13), a free-choice high-fat group (fcHF; chow, a bottle of tap water, a dish of
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saturated beef tallow; N = 8), or a free-choice high-sucrose group (fcHS; chow, a bottle of tap
water, a bottle of 30 % sucrose solution; N = 8). Assignment to a diet was done in a balanced
manner taking into account basal food intake, body weight, and body weight gain after
surgery. Food intake was measured at least 5x/week and all components were refreshed
2x/week.
Infusion parameters
After seven days of diet consumption, all food components were removed from the cage
during the early light phase at 09:00. Intra-LHA infusions were performed between 09:30 and
11:00. Bilateral intra-LHA infusions of 0.3 μg/ 0.3 μL NPY (H6375, Bachem, Germany) in 0.1
mol PBS (PBS; M090001.02NL; Fresenius Kabi GmbH, Zeist, The Netherlands) or 0.3 μL PBS
(vehicle) were performed using an injector that extended 1 mm below the end of the cannula
(C315I, Plastics One, Bilaney Consultants GmbH, Düsseldorf, Germany), and was connected to
a 10 µL Hamilton syringe placed in an infusion pump (Harvard Apparatus, Massachusetts,
United States of America). Volumes were infused at a rate of 0.3 µL/min and infusion was
confirmed by monitoring fluid movement in the tubing via a small air bubble. After infusion,
the injector was left in place for one minute to allow for fluid diffusion. Upon completion of
all infusions, all diet components were returned to the animal cage and weighed two hours
after the intra-LHA infusion of NPY. Infusions were repeated in a cross-over design with three
days between consecutive infusions.
Perfusion parameters
At the end of the experiment, rats were deeply anesthetized with an i.p. injection of
pentobarbital and the left epididymal white adipose tissue (EWAT) was quickly isolated and
weighed. Rats were then transcardially perfused with saline (4 °C) followed by 4% PFA in 0.1
mol/L PBS (pH 7.6; 4 °C). Brains were removed and, after 24 hours postfixation in 4% PFA at 4
°C, cryoprotected in 30% sucrose in PBS at 4 ˚C. Brains were then frozen on dry ice and stored
at -80 ˚C until sectioning. Brains were sectioned coronally on a cryostat and 35 μm sections
were mounted on Superfrost ++ slides (Merck), stained with thionine (0.5 % w/v), and studied
with a light microscope to determine if cannulas were placed in the LHA.
Statistics and analyses
Only data from rats with correct uni- or bilateral intra-LHA placements were included in the
data analysis. Correct placements were spaced from Bregma -2.28 till -3.72 mm, and were
contained within an area ventral to the zona incerta, medial of the internal capsula, and
lateral to the dorsomedial and ventromedial hypothalamic nuclei according to the Paxinos rat
brain atlas (Paxinos & Watson, 2007); Figure 1).
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A previous study from our lab indicated that a low or high ratio of fat::sucrose solution intake
can lead to differential changes in the dopamine-related brain circuitry (van de Giessen et al.,
2013). Furthermore, baseline differences in dietary intake can modulate the orexigenic effects
of NPY (Stanley et al., 1989). Therefore the fcHFHS-fed group was divided into a fcHFHS-high
fat (fcHFHS-hf; N = 7, ratio < 1) and a fcHFHS-low fat (fcHFHS-lf; N = 6, ratio > 1) group based
on their fat::sucrose solution intake ratio (Figure 2).
Caloric intake after infusion was calculated for each diet item, and summed to
determine total caloric intake after the infusions. Group differences were analyzed using a
One-way ANOVA followed by Fishers’ LSD post hoc analysis, and group differences in the
response to NPY infusion were analyzed using a mixed-effects model followed by post hoc or
a posteriori Fishers’ LSD tests. All statistical analyses were performed using Graphpad Prism 8
[version 8.0.2 (263), January 30, 2019] and are detailed in supplemental Tables 1-2. For all
cases, p < 0.05 was considered significant. All data are presented as mean ± SEM.

Figure 1. LHA infusion sites. Atlas illustration
indicating the general site for NPY or saline
infusion in the LHA. Left: overview of coronal
rat brain section based on the Paxinos and
Watson rat brain atlas (Paxinos & Watson,
2007). Right: inset from left figure showing
schematic infusion site in gray.

Figure 2. Fat::sucrose solution intake ratio for
the fcHFHS-lf and fcHFHS-hf groups. The
fcHFHS-fed group was separated into two
groups based on their basal fat::sucrose
solution intake ratio. Different letters indicate
a statistically significant difference at p < 0.05.

Results
Effects of obesogenic diet consumption
Absolute caloric intake
One-way ANOVA analysis of daily total caloric intake (TCI) revealed a main effect of Diet (F4,38
= 24.40, p < 0.0001; see Figure 3A, and Table 1). Post hoc analysis demonstrated that TCI was
higher in the fcHFHS-lf and fcHFHS-hf groups compared to the CHOW-fed group (both p <
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0.01), with the fcHF- and fcHS-fed groups showing intermediate elevations in TCI compared to
the fcHFHS-lf and fcHFHS-hf groups, and the CHOW-fed group (all p < 0.01).
One-way ANOVA analysis of diet component intake revealed a main effect of Diet for
daily caloric intake of chow (F4,38 = 97.9, p < 0.0001), the sucrose solution (F2,18 = 11.3, p =
0.0007), and fat (F2,18 = 8.16, p = 0.0003; see Figure 3B, and Table 1). For daily caloric intake
from chow, post hoc analysis demonstrated that all diet groups consumed less calories from
chow compared to the CHOW-fed group (all p < 0.01), with the fcHF group consuming more
daily calories from chow than the fcHFHS-lf, fcHFHS-hf and fcHS-fed groups (all p < 0.05; see
Figure 3B, left). For daily caloric intake from the sucrose solution, post hoc analysis
demonstrated that the fcHFHS-hf group consumed fewer daily calories from the sucrose
solution compared to the fcHFHS-lf and fcHS-fed groups (all p < 0.01; see Figure 3B, middle).
For daily caloric intake from fat, post hoc analysis demonstrated that the fcHFHS-lf group
consumed fewer daily calories from fat compared to the fcHFHS-hf and fcHF-fed groups (all p
< 0.01; see Figure 3B, right).

Table 1. Characteristics of the dietary intervention.
CHOW
fcHFHS-lf
fcHFHS-hf
fcHF
fcHS
Daily TCI ¶
74.0 ± 1.4a
104.7 ± 2.1b 110.8 ± 8.3b
87.3 ± 2.0c
86.7 ± 1.8c
- chow ¶
74.0 ± 1.4a
35.4 ± 2.3b
40.0 ± 1.7b
49.4 ± 2.4c
37.2 ± 1.4b
- sucrose water ¶
n.d.
45.9 ± 4.3a
34.2 ± 2.6b
n.d.
53.4 ± 0.9a
- fat ¶
n.d.
23.7 ± 3.6a
38.4 ± 1.8b
43.1 ± 4.2b
n.d.
Component %
- chow
100%a
32.2 ± 1.9b
33.7 ± 2.6b
53.4 ± 4.0d
39.2 ± 0.89c
- sucrose water
n.d.
48.6 ± 4.9a
33.6 ± 3.6b
n.d.
60.8 ± 0.89c
- fat
n.d.
19.8 ± 3.4a
33.7 ± 1.7b
46.6 ± 4.0c
n.d.
EWAT§
0.57 ± 0.03a 0.88 ± 0.03b 0.93 ± 0.03b
0.69 ± 0.04c 0.55 ± 0.02a
¶ = presented as mean daily caloric intake in kcal, § = epididymal fat mass per 100 gram body weight,
n.d. = no data, TCI = total caloric intake. Different letters indicate p < 0.05, mean ± SEM.

Relative component intake
One-way ANOVA analysis of the percentage of caloric intake per diet component revealed a
main effect of Diet for chow (F4,38 = 265.5, p < 0.0001), the sucrose solution (F2, 18 = 15.69, p =
0.0001), and fat (F2,18 = 16.61, p < 0.0001; see Figure 3C, and Table 1). For percentage caloric
intake from chow, post hoc analysis demonstrated that all diet groups consumed significantly
less chow compared to the CHOW-fed group (all p < 0.0001), with the fcHF-fed group
consuming a higher percentage of intake from chow than the fcHFHS-lf, and fcHFHS-hf
groups, and the fcHS-fed group consuming an intermediate percentage of daily caloric intake
from chow (all p < 0.05; see Figure 3C, left). For percentage caloric intake from the sucrose
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solution, post hoc analysis demonstrated that the fcHFHS-lf group consumed a higher
percentage of intake from the sucrose solution than the fcHFHS-hf group, and fcHS-fed rats
consumed a higher percentage of the sucrose solution than both fcHFHS groups (all p < 0.05;
see Figure 3C, middle). For percentage intake from fat, post hoc analysis demonstrated that
the fcHFHS-lf group consumed a lower percentage of intake from fat compared to the
fcHFHS-hf group, with the fcHF-fed group consuming the highest percentage intake from fat
(all p < 0.05; see Figure 3C, right).

Figure 3. Characteristics of dietary intervention. A) Mean daily total caloric intake per diet group. B)
Mean daily caloric intake of the chow, sucrose solution, and fat component per diet group. C) Mean
daily percentage of component intake per diet group. D) Epididymal white adipose tissue (eWAT)
mass per diet group normalized for body weight (BW). Different letters indicate significant differences
at p <0.05. nd = no data, TCI = total caloric intake. Details for statistics are provided in Table S1 and S2.

Epididymal fat mass
One-way ANOVA analysis of eWAT normalized for body weight revealed a main effect of Diet
(F4,37 = 25.53, p < 0.0001; see Figure 3D, and Table 1). Post hoc analysis demonstrated that
fcHFHS-hf and fcHFHS-lf rats had greater eWAT mass compared to the CHOW-fed group, with
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fcHF-fed rats showing intermediate eWAT mass levels (all p < 0.05; see Figure 3D, and Table
1). Lastly, eWAT mass did not differ between fcHS- and CHOW-fed rats (p > 0.05; see Figure
3D, and Table 1).
Effects of intra-LHA NPY infusion on food intake and dietary selection
A mixed effects model analysis of total caloric intake (TCI) 2 hours following intra-LHA NPY
infusion revealed a main effect of Infusion (F1,38 = 35.81, p < 0.0001), no main effect of Diet
(F4,38 = 0.67, p > 0.05), and a trend towards a Diet x Infusion interaction effect (F4,38 = 2.48, p =
0.06; see Figure 4A, and Table 2). To assess which diets drive the main effect of Infusion, we
performed a posteriori t-tests, indicating that the main effect of Infusion was driven by
significant increases in total caloric intake in the CHOW-fed group (t14,14 = 4.16, p = 0.0002),
fcHFHS-lf group (t7,7 = 3.62, p = 0.0009), and fcHFHS-hf group (t6,6 = 3.70, p = 0.0007). For the
fcHF-fed group, TCI showed a trend for an increase (t8,8 = 1.87, p = 0.08), whereas NPY
infusion had no effect on caloric intake in the fcHS-fed group (t8,8 = 0.28, p = 0.89; see Figure
4A, and Table 2).
A mixed effects model analysis of caloric intake of chow after intra-LHA NPY infusion
revealed a main effect of Infusion (F1,25 = 14.00, p = 0.001), but no main effect of Diet (F3,25 =
0.61, p > 0.05), and no Diet x Infusion interaction effect (F3,25 = 0.63, p > 0.05; see Figure 4B
and Table 2). Similar to the TCI findings, a posteriori t-test analyses indicated that the main
effect of Infusion was driven by significant increases in chow intake in the fcHFHS-lf group (t7,7
= 2.32, p = 0.03), the fcHFHS-hf group (t6,6 = 2.06, p = 0.05), and the fcHF-fed group (t8,8 =
2.29, p = 0.03). Chow intake after NPY infusion was not different from intake after a saline
control infusion in the fcHS-fed group (t8,8 = 0.77, p > 0.05).
A mixed effects model analysis of caloric intake from the sucrose solution after intraLHA NPY infusion revealed a main effect of Diet (F2,36 = 24.83, p < 0.0001), but no main effect
of Infusion (F1,36 = 1.49, p > 0.05), and no Diet x Infusion interaction effect (F2,36 = 1.50, p >
0.05; see Figure 4C, and Table 2). Post hoc analysis showed that the fcHS-fed group consumed
more of the sucrose solution independent of NPY or saline infusion, compared to the fcHFHSlf (t16,14 = 5.08, p < 0.0001) and the fcHFHS-hf groups (t16,12 = 6.64, p < 0.0001).
A mixed effects model analysis of caloric intake from the fat component after intraLHA NPY infusion revealed a main effect of Infusion (F1,18 = 9.27, p = 0.007), a trend for a Diet
x Infusion interaction effect (F2,18 = 3.08, p = 0.07), and no main effect of Diet (F2,18 = 0.77, p >
0.05; see Figure 4D, and Table 2). A posteriori t-tests indicated that the main effect of Infusion
was mainly driven by a significant increase in fat intake after intra-LHA NPY infusion in the
fcHFHS-hf group (t6,6 = 3.42, p = 0.003), as the fcHFHS-lf (t7,7 = 1.47, p > 0.05) and the fcHF-fed
group (t8,8 = 0.16, p > 0.05) showed no increase in fat intake following intra-LHA NPY infusion.
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Table 2. Caloric intake after vehicle or NPY infusion.
Diet group Intake measure
Vehicle
NPY
CHOW
TCI
7.1 ± 1.1
13.2 ± 1.7*
fcHFHS-lf

TCI
Chow
Sucrose water
Fat

6.2 ± 0.9
1.4 ± 0.3
3.2 ± 0.5
1.6 ± 0.5

13.7 ± 2.0*
5.2 ± 1.0*
4.7 ± 0.7
3.8 ± 1.3

fcHFHS-hf

TCI
Chow
Sucrose water
Fat

8.2 ± 4.1
1.9 ± 0.7
2.2 ± 0.9
1.9 ± 0.6

16.5 ± 4.1*
5.5 ± 1.1*
3.3 ± 0.4
7.4 ± 2.4*

fcHF

TCI
Chow
Fat

6.1 ± 1.7
3.1 ± 1.3
2.9 ± 1.4

9.7 ± 1.7†
6.6 ± 1.3*
3.2 ± 1.3

fcHS

TCI
Chow
Sucrose water

10.5 ± 1.7
3.0 ± 1.4
7.5 ± 0.7

11.0 ± 1.9
4.1 ± 1.5
6.9 ± 0.7

* = p < 0.05 compared to vehicle
control, † = trend towards statistical
significance (p < 0.08), TCI = total
caloric intake. All data are presented
in kilocalories and mean ± SEM.

Discussion
Summary
In this study, we demonstrate that previous consumption of a certain diet as well as dietary
choice can modulate the orexigenic effects of intra-LHA NPY infusion in the male Wistar rat.
Intra-LHA NPY increases chow intake in CHOW-, fcHFHS-hf, fcHFHS-lf and fcHF-fed rats, but
not in fcHS-fed rats. Moreover, intra-LHA NPY increases fat intake in rats that have a high
fat::sucrose solution intake ratio (fcHFHS-hf group), but not in fcHFHS-lf with a low
fat::sucrose solution intake ratio. Both fcHFHS-fed groups showed similar daily intake of
calories, and had a similar body fat percentage, suggesting that the differential effects of NPY
on intake are a result from differences in diet component intake and the subsequent
adaptations in the brain. It has to be noted, however, that the relatively high intake levels of
fat are not the only requirement for intra-LHA NPY to drive fat intake, as fcHF-fed rats did not
increase fat intake after NPY infusion. Together, these observations indicate that both
relatively high intake levels of fat as well as consumption of a sucrose solution are required
for intra-LHA NPY to promote fat intake. In contrast, intra-LHA NPY infusion in fcHS-fed rats
did not increase consumption of chow or of the sucrose solution. Altogether, our
observations suggest that consumption of a sucrose solution disrupts the LHA NPY circuitry,
and that this disruption is different depending on whether the sucrose solution is consumed
together with chow and fat, or together with chow only. Our findings thus indicate an
important interaction between sucrose solution and fat consumption on the responsivity of
the LHA NPY circuitry.
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Figure 4. Intra-LHA NPY infusion affects intake in a diet composition dependent manner. A) Total
caloric intake (TCI) after intra-LHA NPY or saline infusion. B) Caloric intake of chow after intra-LHA NPY
infusion. C) Caloric intake from the sucrose solution after intra-LHA NPY infusion. D) Caloric intake
from the fat component after intra-LHA NPY infusion. nd = no data, *p < 0.05, ** p < 0.01, *** p <
0.0001, # trend for statistical significance at p < 0.08.
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The role of LHA NPY in the regulation of energy homeostasis
Studies evaluating the effects of NPY on food intake have mostly focussed on its effects within
the PVN, as this hypothalamic area receives dense NPY projections (Chronwall et al., 1985;
Sawchenko et al., 1985) and peptide levels in the PVN fluctuate with the energetic status of
the animal (Dube et al., 1992; S. P. Kalra et al., 1991; Sahu et al., 1988). Intra-PVN injection of
NPY specifically increases consumption of carbohydrates (Smith et al., 1997; Stanley, Daniel,
et al., 1985). Nonetheless, intra-PVN injection of NPY can also increase fat intake in rats with
high baseline intake of fat, and these effects depend on the presence of choice between
different food components (Smith et al., 1997; Stanley, Daniel, et al., 1985). The findings from
our study suggest that LHA NPY, as has been shown for PVN NPY, predominantly modulates
intake of complex carbohydrates. Moreover, we find that when fcHFHS-fed rats have a high
fat::sucrose solution intake ratio, intra-LHA NPY also promotes fat intake. Finally, we also find
that intra-LHA NPY does not promote the consumption of simple sugars such as sucrose in a
solution.
In contrast to NPY in the PVN, LHA NPY is not regulated by changes in the diet or
negative energy levels. For example, intra-PVN NPY infusion leads to carbohydrate intake,
which itself also increases NPY peptide in the PVN (Beck et al., 2001; Jhanwar-Uniyal et al.,
1993). For the LHA, we find that NPY infusion promotes the intake of chow, yet a high
baseline intake of carbohydrates or fat does not increase LHA NPY content (Jhanwar-Uniyal et
al., 1993; J. Wang et al., 1998). Regulation of NPY peptide levels by the energetic status of the
animal is also different in the LHA compared to the PVN. For example, LHA NPY peptide levels
do not increase during fasting, but they do after re-feeding, whereas PVN NPY peptide levels
increase during fasting and remain high after re-feeding (Beck, Jhanwar-Uniyal, et al., 1990).
Moreover, viral overexpression of Npy in the PVN and LHA both increase food intake, but LHA
Npy overexpression has long-lasting effects on meal size, whereas PVN Npy overexpression
temporarily increases meal frequency (Tiesjema et al., 2007). Thus, the LHA and PVN NPY
circuitries appear to play different roles in feeding behaviour, even though the orexigenic
effects of intra-LHA NPY appear similar to the orexigenic effects of intra-PVN NPY infusion.
In addition to the regulation of energy homeostasis, the LHA is also important for
(food) reward-related behaviours (Berthoud & Munzberg, 2011; Bonnavion, Mickelsen, Fujita,
de Lecea, & Jackson, 2016). However, the role of intra-LHA NPY in mediating reward-related
behaviours is currently unclear. For example, intra-LHA NPY infusion can elicit a conditioned
place preference, but does not always increase operant responding for sucrose pellets (C. M.
Brown et al., 2000; C. M. Brown et al., 1998; Pandit et al., 2014a). In relation to our
observations, if the effects of intra-LHA NPY infusion on component choice were mediated
through reward-related mechanisms, it would be more likely that intra-LHA NPY infusion
predominantly increases intake of the palatable food components, such as fat or the sucrose
solution as opposed to chow. Therefore, we hypothesize that the intra-LHA NPY circuitry is
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primarily involved in the homeostatic regulation of energy homeostasis. Future studies should
investigate the role of LHA NPY, and if it relates to the regulation of energy homeostasis,
reward processing, or both.
Intra-LHA NPY infusion does not modulate caloric intake in fcHS-fed rats
We find that the fcHS-fed rats are insensitive to a dose of intra-LHA that is effective in rats
consuming the other experimental diets, suggesting decreased NPYR function in order to limit
intake in fcHFS-fed rats. Changes in sensitivity to NPY are not solely a result of drinking the
sucrose solution, as both the fcHS-fed and fcHFHS-lf groups consume equal amounts of
sucrose solution at baseline, and fcHFHS-lf rats do increase chow intake in response to intraLHA NPY infusion. To date, little is known about the mechanisms underlying changes in NPYR
sensitivity. It is therefore difficult to explain why consumption of a sucrose solution without
concurrent fat consumption reduces NPY sensitivity in the LHA. Both the NPY1R and NPY5R
are expressed in the LHA, and only simultaneous deletion of both receptors elicits a change in
consumption behaviour, suggesting that the presence of one receptor type can compensate
for the loss of the other receptor type during development (Nguyen et al., 2012). It is
therefore possible that consumption of a sucrose solution reduces activity of both receptors,
whereas consumption of fat increases the function of one or both receptors, maintaining
sensitivity when animals are concurrently consuming fat and a sucrose solution. Possibly
these nutrients, that can cross the blood barrier, elicit direct effects in the hypothalamus to
affect NPY sensitivity. Alternatively, it might be that consumption of a fcHS diet exerts
different hormonal or substrate release patterns compared to rats consuming a fcHFHS diet
that can lead to differences in NPY sensitivity. Differences in leptin, insulin or glucose levels
due to dietary consumption may be involved in changes in the sensitivity of LHA neurons to
NPY. For example, the LHA contains insulin- and leptin-responsive neurons (Berthoud &
Munzberg, 2011), which can be either pro-melaninconcentrating hormone (mch)- or
orexin/hypocretin-expressing neurons, and are known to play a role in the regulation of food
intake and energy balance (Qu et al., 1996; Sakurai et al., 1998). However, from earlier
studies in our lab, we have no indication that fcHS diet consumption leads to changes in
insulin or leptin concentration after such a short period of consumption that could explain a
negative feedback to the LHA (Diepenbroek et al., 2017; la Fleur et al., 2011). We cannot,
however, exclude the involvement of other plasma factors that are altered by the
consumption of a fcHS diet. Future studies could take these considerations into account and
measure plasma factors to determine whether these could clarify the mechanisms underlying
decreased LHA NPY sensitivity in fcHS-fed rats.
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Strengths and limitations
This is the first study to investigate if dietary choice and/or dietary composition modulate the
orexigenic effects of intra-LHA NPY infusion. As NPY in the LHA has strong effects on caloric
intake and the LHA NPY circuitry is dysregulated during diet-induced obesity (M.C.R. Gumbs
et al., accepted; Stanley et al., 1993), understanding the role of the LHA NPY circuitry in the
regulation of energy balance is important.
The free-choice diets employed in our study, in particular the fcHFHS-diet, are valid
models of diet-induced obesity, whereas other studies on the interrelationship of diet,
preference and the central NPY system generally do not use diets that result in changes that
liken those in obesity (la Fleur et al., 2007; Slomp et al., 2019). It should be noted that our
choice diets therefore do not include a separate protein source. However, intra-PVN infusion
of NPY does not modulate intake of a separate protein source (J. Wang et al., 1998). As the
effects of NPY on caloric intake are highly similar to those described for the PVN, this may
suggest that the absence of a separate protein sources does not affect dietary choice. Studies
with sugar provided in solid form find that intra-cerebral or intra-LHA NPY infusion can
increase consumption of sucrose under specific circumstances, such as limited access to sugar
or limited choice options (C. M. Brown et al., 2000; Glass, Cleary, Billington, & Levine, 1997).
In our study, sucrose was provided in liquid form as a 30% solution and ad libitum, which may
explain the different observations. To exclude the effects of orosensory properties and
protein availability on dietary selection, future studies can provide separate pelleted dietary
components containing variable levels of fat, sucrose and protein.
Implications for future research
The NPY neurons in the Arc are recognized as important regulators of energy homeostasis,
and efforts to elucidate the downstream circuitry of Arc NPY neurons have focused
predominantly on Arc-PVN communication. However, the LHA is now recognized as another
important target of Arc NPY neurons. Our study indicates similarities as well as differences
between the NPY circuitries in the PVN and LHA in the regulation of feeding behaviour and
energy balance. We also demonstrate that dietary choice and/or composition can modulate
the sensitivity of the LHA NPY circuitry. The LHA is optimally located in the brain to process
and relay information regarding energy homeostasis and reward, yet the role of LHA NPY in
the development of obesity is still unclear. Our study provides insight into the role of the LHA
NPY circuitry during certain obesogenic dietary conditions.
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Supplemental results
Supplemental Table 1. Statistical details of daily caloric intake analyses.
Mean daily caloric intake
Total caloric intake (kcal)
F4,38 = 24.40, p < 0.0001* (One-way ANOVA)
CHOW vs. fcHFHS-lf
t14,7 = 7.43, p < 0.0001*
CHOW vs. fcHFHS-hf
t14,6 = 8.44, p < 0.0001*
CHOW vs. fcHF
t14,8 = 3.35, p = 0.002*
CHOW vs. fcHS
t14,8 = 3.2, p = 0.003*
fcHFHS-lf vs. fcHFHS-hf
t7,6 = 1.22, p > 0.05
fcHFHS-lf vs. fcHF
t7,8 = 3.77, p = 0.0006*
fcHFHS-lf vs. fcHS
t7,8 = 3.89, p = 0.0004*
fcHFHS-hf vs. fcHF
t6,8 = 4.87, p < 0.0001*
fcHFHS-hf vs. fcHS
t6,8 = 4.99, p < 0.0001*
fcHF vs. fcHS
t8,8 = 0.13, p > 0.05
Caloric intake from chow
F4,38 = 97.9, p < 0.0001* (One-way ANOVA)
CHOW vs. fcHFHS-lf
t14,7 = 15.47, p < 0.0001*
CHOW vs. fcHFHS-hf
t14,6 = 12.97, p < 0.0001*
CHOW vs. fcHF
t14,8 = 10.29, p < 0.0001*
CHOW vs. fcHS
t14,8 = 15.39, p < 0.0001
fcHFHS-lf vs. fcHFHS-hf
t7,6 = 1.50, p > 0.05
fcHFHS-lf vs. fcHF
t7,8 = 5.03, p < 0.0001*
fcHFHS-lf vs. fcHS
t7,8 = 0.66, p > 0.05
fcHFHS-hf vs. fcHF
t6,8 = 3.27, p < 0.01*
fcHFHS-hf vs. fcHS
t6,8 = 0.91, p > 0.05
fcHF vs. fcHS
t8,8 = 4.42, p < 0.0001*
Caloric intake from sucrose
F2,18 = 11.3, p = 0.0007* (One-way ANOVA)
water
fcHFHS-lf vs. fcHFHS-hf
t7,6 = 2.81, p < 0.05*
fcHFHS-lf vs. fcHS
t7,8 = 1.93, p = 0.07†
fcHFHS-hf vs. fcHS
t6,8 = 4.74, p < 0.01*
Caloric intake from fat
F2,18 = 8.16, p = 0.0003* (One-way ANOVA)
fcHFHS-lf vs. fcHFHS-hf
t7,6 = 2.77, p = 0.01*
fcHFHS-lf vs. fcHF
t7,8 = 3.93, p < 0.01*
fcHFHS-hf vs. fcHF
t6,8 = 0.91, p > 0.05
Post hoc analysis was performed with Fishers’ LSD. *p < 0.05, † p < 0.07
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Supplemental Table 2. Statistical details dietary composition analyses.
Dietary composition
Percentage intake from chow
F4,38 = 265.5, p < 0.0001* (One-way ANOVA)
CHOW vs. fcHFHS-lf
t14,7 = 25.23, p < 0.0001*
CHOW vs. fcHFHS-hf
t14,6 = 23.40, p < 0.0001*
CHOW vs. fcHF
t14,8 = 18.12, p < 0.0001*
CHOW vs. fcHS
t14,8 = 23.65, p < 0.0001*
fcHFHS-lf vs. fcHFHS-hf
t7,6 = 0.47, p > 0.05
fcHFHS-lf vs. fcHF
t7,8 = 7.05, p < 0.0001*
fcHFHS-lf vs. fcHS
t7,8 = 2.31, p < 0.05*
fcHFHS-hf vs. fcHF
t6,8 = 6.23, p < 0.0001*
fcHFHS-hf vs. fcHS
t6,8 = 1.73, p = 0.09
fcHF vs. fcHS
t8,8 = 4.91, p < 0.0001*
Percentage intake from sucrose
F2, 18 = 15.69, p = 0.0001 (One-way ANOVA)
fcHFHS-lf vs. fcHFHS-hf
t7,6 = 23.00, p = 0.0008*
fcHFHS-lf vs. fcHS
t8,7 = 2.63, p = 0.02*
fcHFHS-hf vs. fcHS
t6,8 = 5.60, p < 0.0001*
Percentage intake from fat
F2,18 = 16.61, p < 0.0001* (One-way ANOVA)
fcHFHS-lf vs. fcHFHS-hf
t7,6 = 2.78, p < 0.05*
fcHFHS-lf vs. fcHF
t7,8 = 5.76, p < 0.0001*
fcHFHS-hf vs. fcHF
t6,8 = 2.67, p < 0.05*
Epididymal fat mass/ 100 gr
F4,37 = 25.53, p < 0.0001* (One-way ANOVA)
body weight
CHOW vs. fcHFHS-lf
t14,7 = 6.85, p < 0.0001*
CHOW vs. fcHFHS-hf
t14,6 = 7.49, p < 0.0001*
CHOW vs. fcHF
t14,8 = 2.61, p < 0.05*
CHOW vs. fcHS
t14,8 = 0.65, p > 0.05
fcHFHS-lf vs. fcHFHS-hf
t7,6 = 0.88, p > 0.05
fcHFHS-lf vs. fcHF
t7,8 = 3.94, p < 0.01*
fcHFHS-lf vs. fcHS
t7,8 = 6.76, p < 0.0001*
fcHFHS-hf vs. fcHF
t6,8 = 4.68, p < 0.0001*
fcHFHS-hf vs. fcHS
t6,8 = 7.39, p < 0.0001*
fcHF vs. fcHS
t8,8 = 2.93, p < 0.01*
Post hoc analysis was performed with Fishers’ LSD. *p < 0.05, # p < 0.07
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Abstract
The hypothalamic neuropeptide Y (NPY) circuitry is a key regulator of feeding behavior. NPY
also acts in the mesolimbic dopaminergic circuitry, where it can increase motivational aspects
of feeding behavior through effects on dopamine output in the nucleus accumbens (NAc) and
on neurotransmission in the ventral tegmental area (VTA). Endogenous NPY in the NAc
originates from local interneurons and afferent projections from the hypothalamic arcuate
nucleus (Arc). However, the origin of endogenous NPY in the VTA is unknown. We
determined, in normal-weight male Wistar rats, if the source of VTA NPY is local, and/or
whether it is derived from VTA-projecting neurons.
Immunocytochemistry, in situ hybridization and RT-qPCR were utilized, when
appropriate in combination with colchicine treatment or 24 hours of fasting, to assess
NPY/Npy expression locally in the VTA. Retrograde tracing using cholera toxin beta (CTB) in
the VTA, fluorescent immunocytochemistry and confocal microscopy were used to determine
NPY-immunoreactive afferents to the VTA. NPY in the VTA was observed in fibers, but not
following colchicine pretreatment. No NPY- or Npy-expressing cell bodies were observed in
the VTA. Fasting for 24 hours, which increased Npy expression in the Arc, failed to induce Npy
expression in the VTA. Double labeling with CTB and NPY was observed in the Arc and in the
ventrolateral medulla.
Thus, VTA NPY originates from the hypothalamic Arc and the ventrolateral medulla of
the brainstem in normal-weight male Wistar rats. These afferent connections link
hypothalamic and brainstem processing of physiologic state to VTA-driven motivational
behavior.
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Introduction
Neuropeptide Y (NPY) is one of the most potent orexigenic peptides. Hypothalamic arcuate
nucleus (Arc) NPY neurons and their projections throughout other regions of the
hypothalamus have received substantial attention with regards to the role of NPY in feeding
behavior (Clark et al., 1985; R. E. Mercer et al., 2011; Stanley, Chin, et al., 1985). However, it is
now recognized that NPY interacts with the reward-related brain circuitry to regulate
motivational aspects of feeding behavior (Liu & Borgland, 2015; Pandit et al., 2013; Quarta &
Smolders, 2014). For example, administration of NPY into the lateral ventricle of rats
increases motivation to obtain food pellets (Jewett et al., 1995). The ventral tegmental area
(VTA) and nucleus accumbens (NAc) are important components of the reward-related brain
circuitry in mediating feeding-related motivational behavior (Hernandez & Hoebel, 1988;
Meye & Adan, 2014; Wise, 2004). We have previously demonstrated that NPY infusion
specifically into the VTA or NAc, but not in the hypothalamus, increases the motivation to
work for sugar without affecting intake of freely available sugar (Pandit et al., 2014a). In line
with the effects of NPY on motivation, intracerebral- and intra-NAc NPY infusions increase
dopamine concentrations in the NAc (Quarta et al., 2011; Sorensen et al., 2009). NPY also
directly affects VTA dopaminergic neurotransmission via multiple pre- and postsynaptic
mechanisms (Korotkova et al., 2006; K. S. West & Roseberry, 2017).
The effects of NPY on motivational behavior or mesolimbic neurotransmission have,
however, been studied by applying exogenous NPY in the brain, and to date, no studies have
investigated the role of endogenous NPY in these effects. The presence of NPY1 and NPY5
receptors (NPY1R, NPY5R) in the NAc and VTA indicates that endogenous NPY can interact
with the reward-related brain circuitry (Korotkova et al., 2006; R. M. Parker & Herzog, 1999).
For the NAc, the origin of endogenous NPY is both local as well as from an afferent Arc
projection (Chronwall et al., 1985; de Quidt & Emson, 1986a; van den Heuvel et al., 2015). In
contrast, the origin of endogenous NPY in the VTA is currently unknown. Studies on NPY-like
immunoreactivity have demonstrated inconsistent results, reporting either the presence or
absence of NPY-like immunoreactive cell bodies in the VTA (Chronwall et al., 1985; de Quidt &
Emson, 1986a; Everitt et al., 1984). Furthermore, no studies to date have directly analyzed
VTA NPY afferent projections using a neuroanatomical tracing approach. Endogenous NPY in
the VTA could thus originate from local VTA interneurons, from afferent projections, or from
both.
The aim of this study was to determine the source of endogenous NPY in the VTA. In
addition, we investigated whether local VTA Npy expression is influenced by the physiologic
state of the animal. Many NPY neurons in the brain present neuroanatomical features of
interneurons (de Quidt & Emson, 1986a). Therefore, we hypothesized that the VTA would
contain NPY-expressing interneurons. In addition, we hypothesized that the Arc and several
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brainstem nuclei would contain NPY-positive projections to the VTA, as these brain areas are
known to contain NPY-immunoreactive neurons as well as to project to the VTA (Chronwall et
al., 1985; de Quidt & Emson, 1986a; Geisler & Zahm, 2005; Yamazoe, Shiosaka, Emson, &
Tohyama, 1985). We investigated local VTA NPY/Npy expression using immunocytochemistry
and in situ hybridization in normal-weight male Wistar rats. The effect of physiologic state on
VTA Npy expression was measured by real time qPCR (RT-qPCR) of VTA brain punches of 24
hour-fasted and non-fasted controls. Afferent NPY VTA projections were determined
following infusion of the fluorescence-conjugated retrograde tracer cholera toxin-Beta (CTB)
into the VTA, using fluorescent immunocytochemistry and confocal microscopy to visualize
co-localization with NPY-immunoreactive neurons. We examined brain regions that have
been described to contain NPY-expressing neurons as well as to project to the VTA. In
addition, as not all Arc -> VTA projecting neurons showed NPY immunoreactivity, we also
assessed whether these neurons co-localized with pro-opiomelanocortin (POMC), the other
major neuronal population in the Arc (R. D. Cone, 2005). This is the first study to
systematically investigate the nature of the neuroanatomical relationship between NPY and
the VTA of the reward-related brain circuitry.

Experimental procedures
Animals
Male Wistar rats (Charles River breeding Laboratories, Sulzfeld, Germany), weighing 240-280
g at arrival, were habituated to a temperature- (21-23 ˚C) and light-controlled room (12:12h
light/dark cycle, 07:00-19:00 lights on) of the animal facility of The Netherlands Institute of
Neuroscience. Rats had ad libitum access to a container of a standard high-carbohydrate diet
(Teklad global diet 2918; 24% protein, 58% carbohydrate, and 18% fat, 3.1 kcal/g, Envigo) and
a bottle of tap water. The animal care committees of the Amsterdam UMC of the University
of Amsterdam and The Netherlands Institute for Neuroscience approved all experiments
according to Dutch legal ethical guidelines.
Fluorescent immunocytochemistry
Every other VTA slice was used from colchicine-infused rats from the retrograde tracing
experiment in which the tracer injection was not apparent (N = 4; see Retrograde tracing
section below for details), or naïve rats perfused with cold saline and 4% paraformaldehyde
(PFA) after i.p. injected pentobarbital (N = 3). Brains were post-fixed for 24 hours in 4% PFA
and cryoprotected in 30% sucrose/PBS, and subsequently frozen on dry ice and stored at -80
˚C. Cryostat sections (35 μm) were kept at -20 ˚C in cryoprotectant (30%v/v glycerol, 30%v/v
glyceraldehyde, 40%v/v 10xPBS). Arc slices were used as positive controls and tyrosine
hydroxylase (TH) staining was used to visualize dopaminergic neurons in the VTA.
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Free-floating sections were washed in Tris-buffered saline (TBS; 50 mM Tris-Cl, 150 mM NaCl;
pH 7.6) and incubated with 1:1,000 rabbit anti-NPY [Niepke 26/11/1988, RRID: AB_2753189,
Netherlands Institute for Neuroscience, (Buijs, 1989)] and 1:1,000 mouse anti-tyrosine
hydroxylase (#MAB318, RRID: AB_2201528, EMD Millipore Corporation, Temecula) in
supermix (0.15 M NaCl, 0.05 M Tris, 0.25%w/v gelatin, 0.5%v/v Triton X-100, pH 7.6 at RT) in a
humidified chamber for 1 hour at RT and overnight at 4 ˚C. After TBS washes, sections were
incubated for 1 hour at RT with 1:400 biotinylated goat anti-mouse IgG (H+L) (BA9200; Vector
Laboratories, Burlingham) in supermix. After TBS washes, sections were incubated with 1:500
Alexa Fluor-647-Streptavidin (s32357, Invitrogen, Carlsbad) and 1:500 Alexa Fluor-488 donkey
anti-rabbit IgG (H+L) (A21206, Invitrogen) in supermix for 1 hour at RT. After TBS washes,
sections were rinsed in PBS and incubated with 1:150 Hoechst (Pure Blue nuclear staining dye
33342; Biorad Laboratories, Hercules) in 1xPBS for 15 min at RT. After TBS washing, sections
were coverslipped with Mowiol (10%w/v (Mowiol 4-88; Calbiochem, Merck, Darmstadt,
Germany) in 0.1 M Tris-HCL pH 8.5, 25%v/v glycerol) and stored in the dark at 4 ˚C.
Procedures for immunocytochemistry for POMC are similar to those described for NPY
staining. Briefly, slices were used from brains with tracer infused into the VTA (N = 6; same
animals as for NPY retrograde tracing). In chronological order, antibodies for the different
incubation steps were; 1:8,000 rabbit anti-POMC antibody (Lot. 01643-3, Cat# H-029-030,
RRID: AB_2307442, Phoenix Pharmaceuticals, CA), 1:400 biotinylated anti-rabbit IgG (H+L)
(BA1000; Vector Laboratories, Burlingham), 1:500 Alexa Fluor-647-Streptavidin (s32357,
Invitrogen, Carlsbad), and 1:150 Hoechst (Pure Blue nuclear staining dye 33342; Biorad
Laboratories, Hercules). Sections were stored as mentioned above.
Fluorescent in situ hybridization
After 7 days in the animal facility, naïve animals were sacrificed by decapitation after
30%CO2/70%O2 anesthesia for tissue collection (N = 6). Brains were rapidly dissected, frozen
on dry ice and stored at -80 ˚C. Cryostat sections (35 μm) of the Arc and VTA were mounted,
air-dried (40 min at 37 ˚C), and stored at -80 ˚C.
Tissue, materials and solutions were kept in RNAse-free conditions until after the
stringency washes (see below). Arc sections and every other VTA section was defrosted and
fixed in 4%w/v PFA in PBS (20 min at 4 ˚C). Sections were then pretreated with 0.25%v/v
acetic anhydride in 0.1 M triethanolamine, washed in PBS and delipidated with 0.1% Triton X100/PBS (10 min). After a PBS and a 1x standard saline citrate solution (SSC) wash, sections
were pre-hybridized for 1 hour in hybridization buffer (HB) containing 50%v/v formamide,
600 mM NaCl, 10 mM HEPES Buffer (pH 7.5), 5xDenhardt’s solution, 1 mM EDTA and 200
µg/mL denatured herring sperm DNA in Ultra-pure water. Sections were hybridized overnight
with HB containing 3,000 ng/mL denatured antisense NPY RNA probe (Larhammar, Ericsson,
& Persson, 1987) in a humidified chamber at 55 ˚C. Sequential stringency washes included;
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5xSSC (5 min, 55 ˚C), 2xSSC (1 min, 55 ˚C), 0.2x SSC/50%v/v formamide (30 min, 55 ˚C), and
0.2xSSC (5 min, RT). Immunological detection ensued with 5 min washing in buffer 1
containing 100 mM Tris, 150 mM NaCl in Ultra-pure water (pH 7.5), 1 hour incubation with
1%w/v blocking reagent (11096176001, Roche Diagnostics, Mannheim Germany) in buffer 1,
5 min washing in buffer 1, and 3 hour incubation in 1:1,000 anti-DIG-alkaline phosphatase
(11093274910, Roche Diagnostics, Mannheim, Germany) in buffer 1. After washing (buffer 1;
2x 15 min; buffer 2; 100 mM Tris, 100 mM NaCl, 5 mM MgCl2, in Ultra-pure water, pH 9.5; 1x
5 min), sections were developed by overnight incubation with NBT/BCIP coloring solution
(337.5 µg/mL nitroblue tetrazolium, 175.4 µg/mL 5-bromo-4-chloro-3-indolyl phosphate ptoluidine salt, 240 µg/mL levimasole in buffer 2). After sequential washing (distilled water,
100% methanol, distilled water; 5 min), sections were prepared for TH detection. All following
incubations were separated by TBS washes. Sections were incubated in 1:1,000 mouse antiTH in supermix in a humidified chamber for 1 hour at RT and overnight at 4 ˚C, for 1 hour in
1:400 biotinylated goat anti-mouse IgG (H+L) in supermix, and with 1:800/1:800 avidin/biotin
complex (PK-6100, Vector Laboratories, Burlingham) in supermix for 1 hour at RT. Sections
were developed with a Vector Red kit (SK-5100, Vector Laboratories, Burlingham),
coverslipped, and stored as mentioned above. Arc sections were used as a positive control. As
previously tested with this NPY probe (van den Heuvel, Eggels, Fliers, et al., 2014), no staining
was seen in negative controls of VTA and Arc slices incubated without NPY probe.
The effect of metabolic state on VTA Npy mRNA levels
After 7 days in the animal facility, naïve rats were fasted for 24 hours (10:00–10:00) or kept
under ad libitum conditions (N = 8 per group), and decapitated after 33%CO2/66%O2
anesthesia. Brains were rapidly dissected, frozen on dry ice and stored at -80 ˚C.
Sections (250 µm) were cut on the cryostat to obtain punches of the Arc (Bregma 1.72 till -3.48 mm) and bilaterally of the VTA (Bregma -4.68 till -6.24 mm [Paxinos & Watson,
2007]). Sections were placed in RNAlater (Ambion, Waltham, MA) and punched with a 1 mmdiameter blunt needle. Punches were stored in 300 µL (Arc) or 500 µL (VTA) TriReagent. After
homogenization using an Ultra Turrax homogenizer (IKA, Staufen, Germany), total RNA was
isolated by chloroform extraction followed by RNA purification using the Machery Nagel
nucleospin RNA clean-up kit. RNA quality was determined using Agilent RNA nano chips, using
the manufacturer’s kit and instructions, and was analyzed with a Bioanalyzer (Agilent, Santa
Clara, USA). Only RIN values larger than 8.50 were included. cDNA synthesis was carried out
using equal RNA input (124.44 ng; measured with Denovix DS11; Denovix, Wilmington) and
the transcriptor first-strand cDNA synthesis kit with oligo d(T) primers (04897030001; Roche
Molecular Biochemicals, Mannheim, Germany). Genomic DNA contamination was controlled
for by cDNA synthesis reactions without reverse transcriptase.
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Gene expression was measured using RT-qPCR with the SensiFAST SYBR no-rox kit (Bioline,
London, UK) and Lightcycler® 480 (Roche Molecular Biochemicals); 2 µL cDNA was incubated
in a final reaction volume of 10 µL reaction containing SensiFAST and 25 ng per primer (see
Table 1 for primer sequences). PCR products were analyzed on a DNA agarose gel for qPCR
product size.

Table 1. List of primers for RT-qPCR.
Gene
NCBI ref. number Forward primer 5’- 3’
Reverse primer 5’- 3’
Npy
NM_012614.2
GACAATCCGGGCGAGGACGC
TCAAGCCTTGTTCTGGGGGCA
Npy1r
NM_001113357.1 TCTCATCGCTGTGGAACGTC
CCGCCAGTACCCAAATGACA
Npy5r
NM_012869.1
GCCGAAGCATAAGCTGTGGAT
TTTTCTGGAACGGCTAGGTGC
TCGTACCTTTCTCACCACAGTATCTAG
GAAAACTAAGACACCTCCCCATCA
Ubiq-C
NM_017314.1
HPRT
NM_012583.2
CCATCACATTGTGGCCCTCT
TATGTCCCCCGTTGACTGGT
Cyclo-A NM_017101.1
TGTTCTTCGACATCACGGCT
CGTAGATGGACTTGCCACC
Cyclo-A = Cyclophilin-A, HPRT = Hypoxanthine guanine phosphoribosyl transferase, Npy1r =
Neuropeptide Y receptor subtype 1, Npy5r = Neuropeptide Y receptor subtype 5, Npy = Neuropeptide
Y, Ubic-c = Ubiquitin-C

Retrograde tracing from the ventral tegmental area
After 7 days in the animal facility, rats (N = 22) were implanted with two cannulas; in the right
VTA for the infusion of the retrograde tracer CTB conjugated to Alexa-555 (C-22843,
Invitrogen, Bleiswijk, The Netherlands), and in the left lateral ventricle (LV) for the infusion of
colchicine to block neuronal transport, which is required to visualize NPY cell bodies in the
medial basal hypothalamus (de Quidt & Emson, 1986a). Stereotactic surgeries and infusions
were performed as described previously (van den Heuvel, Eggels, Fliers, et al., 2014). Rats
were anesthetized with a mix of ketamine (80 mg/kg; Eurovet Animal Health, Bladel, The
Netherlands), xylazine (8 mg/kg; Bayer Health Care, Mijdrecht, The Netherlands) and atropine
(0.1 mg/kg; Pharmachemie B.V., Haarlem, The Netherlands) intraperitoneally and fixed in a
stereotactic frame. Lidocaine (AstraZeneca) was used for local analgesia of the periost.
Permanent stainless steel guide cannulas were placed in the VTA (26 gauge; PlasticsOne,
Bilaney Consultants GmbH, Düsseldorf, Germany) and LV (22 gauge) with coordinates A/P: 5.40 mm from Bregma, L: +2.4 mm, and V: -8.1 mm below the surface of the skull in an angle
of 10° in the frontal plane, and A/P: -0.8 mm, L: +1.8 mm, and V: 4.0 mm below the surface of
the brain, respectively. Cannulas were secured to the skull using three anchor screws and
dental cement. Cannula’s were occluded by stainless steel dummy cannula’s. Immediately
after surgery, rats received an analgesic subcutaneously (Carprofen, 0.5 mg/100 g body
weight) and were housed individually for the rest of the experiment.
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Directly after surgery and using pressure injection (Yi et al., 2006), 50-100 nL 1% CTBAlexa555 was infused into the VTA at an infusion rate of 0.3 µL/min using a syringe infusion
pump (Harvard apparatus) with a 10 µL Hamilton syringe connected to an injector (33 gauge,
PlasticsOne) that extended 1 mm below the guide cannula. Ten days later, rats were
anesthetized with pentobarbital and 100 µg colchicine (C9754, Sigma-Aldrich, Zwijndrecht,
The Netherlands) in 5 µL 0.9% NaCL was infused in the LV at 10:00. Colchicine was infused at a
rate of 1 µL/min. Both injections were confirmed by monitoring fluid movement in the tubing
via a small air bubble. After completion of the infusion, the injector was left in place for 20
min to allow for diffusion and then replaced with dummy cannulas. Thirty hours after
colchicine infusion, rats were deeply anesthetized with an i.p. injection of pentobarbital and
perfused transcardially with cold saline followed by 4% PFA in 0.1 mol/L PBS (pH 7.6; 4 °C).
Brains were removed and, after 24 hours postfixation, cryoprotected in 30% sucrose in PBS at
4 ˚C. Brains were frozen on dry ice and stored at -80 ˚C.
A cut was made in the cortex to allow determination of the ipsi- and contralateral side
of the tracer infusion. Slicing, storing and staining procedures were performed as for
fluorescent immunohistochemistry above. The injection site was determined in VTA slices
counterstained with anti-tyrosine hydroxylase (1:1,000 rabbit anti-TH; T8700, Sigma,-Aldrich,
Zwijndrecht, The Netherlands), biotinylated goat anti-rabbit IgG (H+L) (1:400, BA1000, Vector
laboratories) and Alexa Fluor 647-Streptavidin (1:500, s32357, Invitrogen). Slices throughout
the rostrocaudal length of the brain were stained for NPY as described above to determine
co-localization with CTB (see below for details of the analysis). Slices were coverslipped and
stored as written above for fluorescent immunocytochemistry.
Antibody characterization
All primary antibodies used in this study have been extensively characterized. The specificity
of anti-NPY was tested by pre-absorption controls on human infundibular brain tissue
(homologous to the rat Arc) and formalin-bound porcine NPY to nitrocellulose paper, as well
as by testing for cross-reactivity with several peptides formalin-fixed onto gelatin-coated
nitrocellulose paper (Buijs, 1989; Goldstone, Unmehopa, Bloom, & Swaab, 2002; van der Beek
et al., 1992; van Wamelen, Aziz, Anink, Roos, & Swaab, 2013). The specificity of anti-POMC
was tested by pre-absorption controls on Arc brain sections containing POMC neurons, where
staining was abolished (Wittmann et al., 2017). The specificity of anti-TH was tested by
Western Blot analysis of recombinant TH and of VTA protein homogenates, which showed
that it recognized a single band of 56 – 60 kDa, and the absence of staining in midbraincontaining brain slices of animals in which dopamine neurons where specifically lesioned by
6-hydroxydopamine (H. L. Wang & Morales, 2008). We again confirmed the specificity of all
primary and secondary antibodies by omitting the primary antibody in the staining procedure
of Arc or VTA slices. This consistently resulted in complete absence of staining in the Arc or
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VTA. We additionally used Western Blotting to confirm that the POMC antibody specifically
recognizes a 29 kDa protein in Arc lysates from naïve male Wistar rats, and that the TH
antibody specifically recognizes a 55-60 kDa protein in VTA lysates. Finally, the staining
patterns of all primary antibodies are in accordance with previous studies that characterized
NPY and POMC staining in the Arc, and TH staining in the VTA (H. L. Wang & Morales, 2008;
Wittmann et al., 2017). See Table 2 on page 167 for a summary of the antibodies used in this
study.
Microscopy and image analyses
VTA slices stained for Npy mRNA were analyzed by light microscopy using a Zeiss Axioskop
9801 with 2.5X (n.a. 0.075) and 10X (n.a. 0.30) PlanNeoPlan Fluar objectives (Zeiss) and a
color camera (EvolutionMP; QImaging). Fluorescent stained slices were analyzed using
widefield fluorescent microscopy on a Zeiss Axiovert 200M with Plan-NeoFluar objectives at
2.5X (n.a. 0.075) and 5X (n.a. 0.16) magnification to investigate local NPY peptide expression,
VTA slices for infusion site determination for retrograde tracing, and for a quick scan for colocalization. Fluorescence was excited with a HXP 120 V power supply Metalhalide lamp with
excitation filters 365/12 nM (Hoechst) 560/40 nM (Alexa Fluor 555), 470/40 nM (Alexa Fluor
488), and 605/50 nM (Alexa Fluor 647), and emission filters >397 nM, 603/75 nM, 515/30 nM,
and 670/50 nM respectively. Images were obtained with a black and white camera (ExiAqua,
QImaging) and ImageProPlus software (version 6.3, Media Cybernetics, USA). Co-localization
was confirmed with confocal image series made with a Leica TCS SP8 X confocal microscope
encompassing a Z-stack of the entire slice thickness and sequential excitation with a diode for
Hoechst (450 nm), and a white light laser for CTB (555 nM) and NPY (647 nM). Hybrid
detection settings were 415-460 nM, 565-605 nM, and 657-700 nM respectively. All images
were taken with the same excitation and emission parameters. Image series were taken with
20X (n.a. 0.75) and 63X (n.a. 1.40) oil-immersion objectives with Immersol 518F (Zeiss)
acquired at a digital resolution of 1024 x 1024 pixels in a unidirectional scan. Minimal Z-stack
resolution was 2.50 µM.
For retrograde tracing, all LV cannulas were placed correctly as determined using
thionine staining. Animals were included in retrograde tracing analysis when CTB and TH
fluorescence overlapped with minimal CTB outside the TH-stained area or when the CTB
fluorescent pattern was comparable to Geisler and Zahm (2005), using a similar approach to
map all afferent projections to the VTA. Widefield fluorescent images were analyzed with
ImageJ (Rasband, USA, http://rsbweb.nih.gov/ij/, 1997–2005) and confocal images with LAS
AF Lite X (version 2.6.3, Leica microsystems). Every 10th slice was selected, stained and
counted for the entire brain (Bregma 5.64 till -15.00 mm). For the Arc region (Bregma -1.08 till
-4.68 mm) every 6th slice was sampled. Regions of interest were selected based on known VTA
afferents from literature (Geisler & Zahm, 2005; Yetnikoff et al., 2014) and which express NPY
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peptide. In widefield images for the investigation of co-localization, structures were
delineated based on anatomical markers (visual anatomical structures such as ventricles or
fiber tracts, and DAPI-staining) and NPY staining patterns. In regions where co-localization
was detected, regions of interest were determined based on, and therefore always
completely encompassed, the staining pattern of NPY or POMC in Z-stack confocal image
series as those areas lack specific anatomical markers. Arc POMC neurons extend laterally
into the peri-arcuate region, therefore POMC analysis included this area. For the brainstem
region, this area was conform to the A1 and C1 catecholaminergic regions as described
previously (Everitt et al., 1984; Harfstrand, Fuxe, Terenius, & Kalia, 1987; Sawchenko &
Swanson, 1982). The Arc was thus contained in 11 sections at 210 µm intervals, and the
brainstem area containing co-localization was contained in 8 sections at 350 µm intervals.
In structures determined to contain co-localization (by widefield image analysis and
verification by confocal microscopy), the number of labelled neurons were counted in all
sections that contained the structure according to the rat brain atlas (Paxinos & Watson,
2007). Structures were counted as cells if they contained a Hoechst-stained nucleus that was
completely contained in the Z-stack, showed fluorescence at least 2x above background
(executed by excluding signal intensity below 2x background, which was determined in slices
incubated according to the staining protocol without primary antibody), and did not show an
aberrant staining pattern (e.g. red or green fluorescence in the nucleus). The abundance of
NPY cells in the Arc complicated their counting. Therefore, all CTB-containing cells within the
NPY-regions were counted by scrolling through the Z-stack in the red and blue channel and
labeling CTB neurons according to our criteria. Subsequently, co-localization was determined
in recognized CTB cells by enabling the green channel within as well as next to the red
channel. CTB-positive and CTB/NPY-positive neurons were counted ipsilateral and
contralateral to the CTB infusion site. As all six rats showed a consistent number of CTB and
CTB/NPY-positive neurons, the data are presented as the mean of the estimated total neuron
number (N), calculated using the following equation: N = ΣQ- ∙ t/h ∙ 1/asf ∙ 1/ssf, where ΣQ- =
total number of neurons counted per region, t = thickness of the section, h = height of the
section, asf = areal sampling fraction, and ssf = section sampling fraction (M. J. West,
Slomianka, & Gundersen, 1991). In our study t/h is equal to 1 as the entire section thickness
was included, and 1/asf also equals 1 as the entire area of the region of interest was included.
Therefore, the used formula equals to N = ΣQ- ∙ 1/ssf with ssf = 6 for the Arc and ssf = 10 for
the brainstem. Subsequently, the percentage CTB-NPY/total CTB cells was calculated per
hemisphere. In all other regions, confocal microscopy confirmed the absence of colocalization. Counts were performed independently by two investigators.
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Statistics and analyses
RT-qPCR quantification was performed using LinReg Software (Ramakers et al., 2003).
Samples deviating >5% from the mean PCR efficiency and outliers (Grubb’s test) were
excluded. Values were normalized using the geometric mean of three reference gene values
(Ubiquitin-C, Hypoxanthine guanine phosphoribosyl transferase and Cyclophilin-A; see Table
1). All values were normalized to ad libitum controls. Compliance with normality and equal
variance assumptions were confirmed with Shapiro-Wilk and Levene’s test for equal variances
respectively. Differences between groups were then evaluated using Two-way ANOVA
analysis followed by the Bonferroni method for multiple comparisons (IBM SPSS version 24).
All data are presented as mean ± SEM.

Results
Assessment of local NPY/Npy expression in the VTA
Many NPY-expressing neurons present anatomical characteristics representative of
interneurons (de Quidt & Emson, 1986a). Therefore, we first determined whether the VTA
contains NPY-immunoreactive cell bodies using fluorescent immunocytochemistry in brain
slices containing the VTA (Figure 1a). NPY-immunoreactive fibers were found scattered
throughout the VTA (Figures 1b-d, h). In contrast, no NPY-immunoreactive cell bodies were
found throughout the full rostro-caudal extent of the VTA. Visualization of NPY can be
enhanced by pre-treatment of animals with colchicine, which arrests neuronal peptide
transport (Borisy & Taylor, 1967; de Quidt & Emson, 1986a). Consistent with the effects of
colchicine on neuronal peptide transport, no NPY-immunoreactive fibers were found in the
VTA (Figures 1e-g). Furthermore, colchicine treatment did not visualize NPY-immunoreactive
cell bodies throughout the VTA. Collectively, these observations indicate that the NPYimmunoreactive fibers are part of an NPY afferent projection to the VTA.
We next used in situ hybridization to confirm the absence of NPY-expressing cell
bodies in the VTA. Throughout the VTA, no Npy-expressing cell bodies were observed (Figures
2a-b). In contrast, Npy-expressing cell bodies were observed in the posterior lateral
hypothalamic area and the medial supramammillary nucleus (Figures 2a-c), both located
adjacent to the anterior VTA. As expected, positive control slices containing the Arc also
showed strong expression of Npy in cell bodies (Figure 2d). Taken together, these findings
indicate that NPY is not locally produced in the VTA, and that NPY afferents project to the
VTA.

153

Chapter VIII

Figure 1. NPY-immunoreactive fibers, but not cell bodies, in the VTA. a) Drawing of a coronal atlas
section at Bregma -5.04 mm indicating the representative VTA area as shown in further pictures. Atlas
figure adapted from Paxinos and Watson (2007). b, c, d) Tyrosine hydroxylase (TH) staining, NPY
staining, and an overlay with nuclear staining (Hoechst) staining in non-treated rats. e, f, g) TH, NPY
and an overlay staining with nuclear staining in colchicine-treated rats. h) Overlay image showing TH,
NPY, and Hoechst staining in slices of non-treated rats at 20X magnification. b-g at 5X magnification,
scale bar = 100µm; h, scale bar = 150 µm; TH = magenta, NPY = green, Hoechst = blue.

Modulation of Npy expression by physiologic state
Next, we used RT-qPCR, a sensitive method that allows the measurement of very low mRNA
copy numbers (Bustin, 2000), to exclude that VTA neurons express Npy. In ad libitum-fed
normal weight male rats, Npy expression in VTA punches was practically negligible compared
to Npy expression in the Arc, but not completely absent (Figure 3a). NPY levels vary with
physiological state in certain brain regions. For example, a 24-hour fast increases Npy
expression in the Arc of the hypothalamus (Hahn et al., 1998; Marks et al., 1992). We
therefore determined if 24 hours fasting induces Npy expression locally in the VTA. See Figure
3B for the experimental setup and Figure 3c for the punch areas. In accordance with previous
studies (Hahn et al., 1998; Marks et al., 1992), Arc Npy expression was increased by
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approximately 40% after a 24 hours fast (Figure 3a; Two-way ANOVA interaction: F1,22 = 317.9,
p < .0001; post hoc Arc ad lib vs. fasting, p = .0007). In contrast, a 24-hour fast did not
modulate VTA Npy expression, which remained practically negligible (Figure 3a; post hoc VTA
ad lib vs. fasting, p > 0.05). We also measured expression of two NPY receptors, Npy1r and
Npy5r, in the VTA. Both receptors were expressed in the VTA, but not regulated by a 24-hour
fast (data not shown). Together with our neuroanatomical data, these observations confirm
that the origin of endogenous VTA NPY comes predominantly, if not completely, from an
afferent projection to the VTA.

Figure 2. Npy-expressing cell bodies in the posterior lateral hypothalamic area, but not in the VTA. a,
left) A coronal VTA section at Bregma -4.68 mm stained for Npy (blue) by in situ hybridization and
tyrosine hydroxylase (TH; brown) immunocytochemistry, and (a, right) drawing of a coronal atlas
section to indicate the VTA, posterior lateral hypothalamic area (pLHA), and the medial
supramammillary nucleus (SupM). Atlas figure adapted from Paxinos and Watson (2007). b) Inset of
the VTA area showing TH-positive cell bodies, but absence of Npy-positive cell bodies. c) Inset of the
pLHA/SupM showing Npy-positive cell bodies, indicated by arrows. d) A coronal Arc section showing
Npy-positive cell bodies. a, scale bar = 500µm; b-d, scale bar = 100 µm.
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Figure 3. A 24-hour fast increases Npy expression in the Arc, but does not induce Npy expression in
the VTA. a) Npy expression in the Arc and VTA at the beginning of the light period, normalized to
three reference genes and expressed as a percentage of Arc ad libitum levels. Npy expression in the
Arc was modulated by a 24-hour fast (post hoc; * = p < .001). VTA Npy expression was barely
detectable compared to Arc levels, and not modulated by a 24-hour fast (post hoc; p > 0.05). b)
Schematic overview of the experimental setup and timeline. Rats were fasted for 24 hours or fed ad
libitum before sacrifice at the beginning of the light period. c) Coronal rat brain drawing indicating the
punch areas for the respective regions. Atlas figures adapted from Paxinos and Watson (2007). N = 6/7
per group.

Identification of NPY-immunoreactive afferents to the VTA
To study the origin of NPY afferents to the VTA, we infused the retrograde tracer CTB into the
VTA, followed by infusion of colchicine prior to sacrifice to enhance visualization of NPY (de
Quidt & Emson, 1986a). Six rats showed CTB infusions confined to the VTA region (Figure 4ad). In these animals, whole-brain serial sections showed CTB-labelling throughout the brain
(Figure 5) in a pattern consistent with previously reported VTA afferents (Geisler & Zahm,
2005; Yetnikoff et al., 2014). Throughout the brain, several regions showed both NPYimmunoreactive neurons and CTB-containing neurons. We included all regions known to
contain NPY neurons, to project to the VTA and to be involved in motivational or rewardrelated behavior (see Table 3).
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In all six rats, the Arc of the hypothalamus contained neurons that were double-stained with
NPY and CTB (Figure 6a-b). Over all animals, mean estimated total numbers of 293 ± 42 CTBpositive neurons and 64 ± 20 CTB/NPY-positive were calculated ipsilaterally to the infusion
site. Contralaterally, mean estimated total numbers of 224 ± 40 CTB-positive and 57 ± 21
CTB/NPY-positive neurons were calculated. Of the CTB-positive neurons, mean percentages
of 19.8 ± 5.0 % and 21.9 ± 5.8 % co-localized with NPY ipsilaterally and contralaterally,
respectively, throughout the entire rostro-caudal extent of the Arc. Figure 6C shows the Arc
NPY region of interest schematically.

Figure 4. CTB infusion sites. a - c) Overview of the 6 experimental animals with the retrograde tracer
CTB confined to the VTA and used for the analysis. The region with the largest area in the coronal
plane is shown at the respective Bregma level. d) Example of CTB infusion site (magenta area in b),
showing tyrosine hydroxylase (TH, green), CTB (magenta) and Hoechst (blue). Atlas figures adapted
from the rat brain atlas (Paxinos & Watson, 2007). Scale bar = 500 µm.

157

Chapter VIII

Figure 5. Schematic overview of identified VTA afferents using CTB. Schematic sagittal rat brain
drawing showing a selection of the brain regions containing CTB neurons (red areas) following CTB
infusion into the VTA (blue). The Arc of the hypothalamus and the ventrolateral medulla are the only
regions showing CTB/NPY co-localization (areas indicated in yellow). Not all projections are shown for
clarity. Atlas figure adapted from the rat brain atlas (Paxinos & Watson, 2007). Arc = arcuate nucleus
of the hypothalamus, AMY = amygdala (all amygdala regions), BNST = bed nucleus of the stria
terminalis, Cl = claustrum, DR = dorsal raphe, EnPir = Endopiriform nucleus and piriform cortex, Ins =
insular cortex, IPAC = Interstitial nucleus of the posterior limb of the anterior commissure, LdTg =
laterodorsal tegmental nucleus, LHA = lateral hypothalamic area, LHb = lateral habenula, LC = locus
coeruleus, LPO = lateral preoptic area, LS = lateral septum, NAc = nucleus accumbens, PAG =
periaqueductal grey, PBP = lateral and medial parabrachial nucleus, VLM = ventrolateral medulla, VTA
= ventral tegmental area, ZI = zona incerta.

Based on known VTA projections (Geisler & Zahm, 2005; Mejias-Aponte, Drouin, & AstonJones, 2009) and brainstem NPY expression (Chronwall et al., 1985; de Quidt & Emson, 1986a;
Everitt et al., 1984; Yamazoe et al., 1985), we also expected co-localization of CTB and NPY in
several brainstem structures and thus analyzed the brainstem of four CTB-infused brains
(from Figures 4a-c; magenta, green, black and orange color-coded animals were analyzed).
The ventrolateral medulla showed co-localization of CTB and NPY that was limited to a region
from Bregma -12.12 till -15.00 mm (Figures 7a-c). Mean estimated total numbers of 193 ± 64
CTB-positive neurons and 65 ± 23 CTB/NPY-positive neurons were calculated ipsilaterally.
Contralaterally, mean estimated total numbers of 230 ± 84 CTB-positive neurons and 28 ± 11
CTB-NPY-positive neurons were calculated. Of the CTB-positive neurons, a mean percentage
of 33.8 ± 8.2 % and 16.0 ± 6.2 % co-localized with NPY ipsilaterally and contralaterally
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respectively, in the ventrolateral medulla. Thus, the Arc as well as a part of the ventrolateral
medulla of the brainstem contain NPY-immunoreactive afferents projecting to the VTA in
normal-weight male Wistar rats.

Figure 6. Arc NPY-immunoreactive cell bodies project to the VTA. a) Sagittal rat brain drawing
showing the location of the Arc and the slice shown in (b). b) Randomly selected confocal fluorescent
image series of a coronal Arc section showing CTB (magenta), NPY (green), Hoechst (blue), and colocalization of CTB and NPY (white). The inset is made at 63X magnification. c) Coronal image showing
the approximate region of interest for CTB cell counts in the NPY area. Atlas figures adapted from the
rat brain atlas (Paxinos & Watson, 2007). Scale bar = 100 µm, 3V = third ventricle.
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Figure 7. Ventrolateral medullar NPY-immunoreactive cell bodies project to the VTA. a) Sagittal rat
brain drawing showing the location of the ventrolateral medullar area and the slice shown in (b). b)
Randomly selected confocal fluorescent image series of a coronal section showing CTB (magenta), NPY
(green), Hoechst (blue), and co-localization of CTB and NPY (white) and a zoom on a co-localizing cell
body (magnification 20X). c) Atlas figure showing the location of the image in (b). Atlas figures are
adapted from the rat brain atlas (Paxinos & Watson, 2007). Scale bar = 250 µm.
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Table 3. Overview of NPY-immunoreactive afferent projections to the VTA. Regions were selected based
on the current literature showing both a VTA afferent projection and NPY soma by immunocytochemistry.
VTA afferent containing NPY cell
VTA
NPY
CoConclusion
bodies
afferent
soma
localization
Telencephalon
Claustrum
Yes
Yes
No
Non-NPY projection
Endopiriform n. + piriform cortex†
Yes
Yes
No
Non-NPY projection
Insular cortex
Yes
Yes
No
Non-NPY projection
Nucleus accumbens (core and shell)
Yes
Yes
No
Non-NPY projection
Bed nucleus of the stria terminalis
Yes
Yes
No
Non-NPY projection
IPAC‡
Yes
Yes
No
Non-NPY projection
Medial preoptic nucleus
Yes
Yes
No
Non-NPY projection
Ventral Pallidum
Yes
Yes
No
Non-NPY projection
Amygdala§
Yes
Yes
No
Non-NPY projection
Lateral septum
Yes
Yes
No
Non-NPY projection
Diagonal band of Broca
Yes
No
No
Non-NPY projection
Lateral preoptic area
Yes
Yes
No
Non-NPY projection
Cingulate cortex
Yes
Yes
No
Non-NPY projection
Diencephalon
Arcuate nucleus of the hypothalamus Yes
Yes
Yes
NPY projection
Anterior hypothalamus
Yes
Yes
No
Non-NPY projection
Hypothalamic paraventricular nucleus Yes
No
No
Non-NPY projection
Ventromedial hypothalamic nucleus
Yes
No
No
Non-NPY projection
Zona incerta
Yes
No
No
Non-NPY projection
Perifornical lateral hypothalamic area
Yes
No
No
Non-NPY projection
Dorsal hypothalamus
Yes
No
No
Non-NPY projection
Posterior lateral hypothalamus
Yes
Yes
No
Non-NPY projection
Mesencephalon
Periaqueductal gray¶
Yes
Yes
No
Non-NPY projection
Met- and Myelencephalon
Locus coeruleus
Yes
Yes
No
Non-NPY projection
Laterodorsal tegmental nucleus
Yes
No
No
Non-NPY projection
Dorsal Raphe
Yes
No
No
Non-NPY projection
(Lateral) of Central Gray
Yes
Yes
No
Non-NPY projection
Lateral parabrachial nucleus
Yes
No
No
Non-NPY projection
Medial parabrachial nucleus
Yes
No
No
Non-NPY projection
Ventrolateral medulla
Yes
Yes
Yes
NPY projection
† As fluorescent immunocytochemistry does not allow the separation of the endopiriform nucleus and
piriform cortex, these structures were analyzed together. ‡ IPAC = Interstitial nucleus of the posterior limb
of the anterior commissure. § As no co-localization of NPY and CTB was found throughout all amygdala
regions, these regions were analyzed together. ¶ The periaqueductal grey for the magenta case in Figure 4
contained 2 CTB/NPY positive cell bodies, out of >15 CTB-positive cell bodies per brain slice containing the
periaqueductal grey.
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Identification of POMC-immunoreactive Arc afferents to the VTA
We next investigated the identity of CTB-positive neurons in the Arc that did not express NPY.
POMC-expressing neurons represent another major population of neurons in the Arc, which
are separate from the NPY population, and also project to the VTA (Hahn et al., 1998; Pandit
et al., 2015). We confirmed that Arc POMC-immunoreactive neurons project to the VTA, and
quantified the Arc POMC projection in the same brains used for NPY tracing (Figures 8a-c).
Mean estimated total numbers of 592 ± 84 CTB positive neurons and 689 ± 174 CTB/NPYpositive neurons were calculated ipsilaterally to the infusion site. Contralaterally, mean
estimated total numbers of 134 ± 16 CTB and 142 ± 17 CTB/NPY-positive neurons were
calculated. The mean percentage of the CTB-positive neurons co-localizing with POMC was
21.7 ± 1.7 % ipsilaterally, and 28.7 ± 4.2 % contralaterally. Figure 8d shows the Arc POMC
region of interest schematically.

Figure 8. POMC neurons in the Arc project to the VTA. Confocal fluorescent image series at 20X
magnification showing a) CTB (magenta), b) POMC (green), and c) an overlay with Hoechst (blue) in a
coronal section of the Arc. d) Coronal drawing showing the approximate region of interest for CTB cell
counts in the POMC area. Atlas figures are adapted from the rat brain atlas (Paxinos & Watson, 2007).
Arrows indicate co-localization. Scale bar = 100 µm. * = insets at 63X. 3V = 3rd ventricle.
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Discussion
In the present study, we have characterized NPY-immunoreactive afferents projecting to the
VTA. Using immunocytochemistry, we observed NPY-immunoreactive fibers, but not NPYexpressing cell bodies, in the VTA. NPY fibers in the VTA were not visible following treatment
with colchicine, which arrests neuronal peptide transport. As colchicine treatment also did
not lead to visualization of NPY cell bodies in the VTA and no Npy-expressing cell bodies were
found using in situ hybridization, this indicates that the NPY-immunoreactive fibers come
from afferent projections to the VTA. Accordingly, following infusion of the retrograde tracer
CTB in the VTA, we identified cellular co-localization of CTB and NPY in the Arc of the
hypothalamus and in the ventrolateral medulla of the brainstem. We did not observe colocalization in any other brain region. To investigate if an altered metabolic state could induce
Npy expression within the VTA, we also measured Npy expression following a 24-hour fast
using the sensitive RT-qPCR method. However, the 24-hour fast, which was sufficient to
increase Npy expression in the Arc, did not modulate the barely detectable levels of Npy
expression in the VTA. Collectively, our data indicate that the Arc of the hypothalamus and
the ventrolateral medulla of the brainstem are the only brain regions that contain NPYimmunoreactive afferents that project to the VTA under normal physiological circumstances.
To date, detection of NPY-immunoreactive cell bodies in the VTA has produced
inconsistent results, likely driven by variation in experimental methods, such as differences in
species or colchicine treatment dose and duration (Chronwall et al., 1985; de Quidt & Emson,
1986a; Everitt et al., 1984). Similar to the study of de Quidt and Emson (1986a), we did not
observe NPY- or Npy-expressing cell bodies using immunocytochemistry or in situ
hybridization, respectively. However, using RT-qPCR, a much more sensitive technique
compared to in situ hybridization, we detected practically negligible Npy expression in the
VTA compared to the Arc. As we identified Npy-expressing cell bodies in the posterior lateral
hypothalamic area/medial supramammillary nucleus, located adjacent to the VTA (Figure 2a),
it is likely that the very low number of Npy mRNA copies observed by RT-qPCR result from
accidental inclusion of Npy-expressing cell bodies in the posterior lateral hypothalamic
area/medial supramammillary nucleus in our punched VTA samples.
Despite the inconsistency in observing NPY-immunoreactive cell bodies, our study as
well as all previous studies, consistently observed NPY-immunoreactive fibers in the VTA. In
accordance with the presence of Agouti-related protein (AgRP)-immunoreactive fibers in the
VTA (Broberger, Johansen, et al., 1998; Dietrich et al., 2012), we found that a subset of Arc
NPY-immunoreactive neurons project to the VTA. AgRP is found exclusively in the Arc, where
it co-localizes almost entirely with NPY neurons (Broberger, Johansen, et al., 1998; Hahn et
al., 1998). Although the Arc—>VTA projection is considered to be relatively small compared to
other VTA afferents (Geisler & Zahm, 2005; Watabe-Uchida et al., 2012), general activation of
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Arc NPY/AgRP neurons using a chemogenetic approach increases motivation to obtain food
pellets, suggesting a behaviorally functional and important role for this projection in
motivational and behavioral aspects of feeding behavior (Krashes, Shah, Koda, & Lowell,
2013).
We also confirm that Arc POMC neurons project to the VTA (Pandit et al., 2015).
Despite a comparable percentage of VTA-projecting neurons being NPY and POMC (20 - 30%),
it has to be noted that the absolute number of Arc CTB/POMC neurons is larger than the
number of Arc CTB/NPY neurons. We believe that this difference is likely attributable to the
larger POMC area in the Arc that was used for the cell counts due to the lack of visible
anatomic markers for the Arc (see Materials and Methods, and Figures 6 and 8). NPY and
POMC neurons are separate populations in the Arc with opposing effects on feeding behavior
and energy expenditure (Aponte, Atasoy, & Sternson, 2011; Hahn et al., 1998). Future studies,
utilizing chemogenetic or optogenetic manipulation of these VTA-projecting Arc NPY and
POMC neuronal populations, will provide valuable insight into the role of these neurons in
motivational and behavioral aspects of feeding behavior.
In addition to the NPY-immunoreactive Arc—>VTA projection, we also observed colocalization of CTB and NPY in the ventrolateral medulla of the brainstem. This VTA afferent
projection has previously been demonstrated using the CTB tracing approach (Geisler &
Zahm, 2005), and several regions in the ventrolateral medulla contain NPY neurons, including
the A1 and C1 catecholaminergic cells groups (Everitt et al., 1984; Sawchenko et al., 1985).
The population co-localizing neurons that we found is located similarly to the A1 and C1
regions. In addition, NPY neurons in the ventrolateral medulla almost completely co-localize
with markers for catecholaminergic neurons (Everitt et al., 1984; Harfstrand et al., 1987;
Sawchenko et al., 1985; Tseng, Lin, Wang, & Tung, 1993) and ventrolateral medulla
catecholaminergic projections to the VTA were observed in male Sprague Dawley rats
(Mejias-Aponte et al., 2009). Together, this might indicate that the NPYergic brainstem—
>VTA projection is (partially) catecholaminergic. Several studies indicate a role for
catecholaminergic/NPY neurons in this area in the regulation of feeding and energy
homeostasis. For example, specifically catecholaminergic/NPY neurons in the
caudoventrolateral medullar area are necessary for glucoprivic feeding (A. J. Li et al., 2009).
Also, Npy overexpression in catecholaminergic brainstem neurons alters body composition
independent of changes in food intake (Ruohonen et al., 2008; Ruohonen, Vahatalo, &
Savontaus, 2012; L. Zhang et al., 2014). Though catecholaminergic/NPY neurons in the A1/C1
regions project to the hypothalamus (Sawchenko et al., 1985), a role for their possible
connection with the VTA in regulating the above-mentioned processes cannot be excluded,
and despite the relatively small size of the VTA afferent projection, it may have a substantial
impact on energy homeostasis. However, additional anatomical studies will have to
determine whether the NPYergic VTA projecting neurons are indeed catecholaminergic.
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Mechanistic studies can target the VTA-projecting NPY-expressing neurons in the
ventrolateral medulla to determine their role in feeding-related motivational behaviors.
Brain area-specific NPY expression can fluctuate during increased motivation as well as
hyperphagia. For example, both Arc Npy expression and the number of Arc NPY neurons
increases during a 24-hour fast (see Figure 3B and, e.g., [Hahn et al., 1998]), and hindbrain
A1/C1 Npy expression increases during glucoprivation (A. J. Li & Ritter, 2004). Furthermore,
NPY-immunoreactive cell bodies are not commonly observed in the rat dorsomedial
hypothalamus during adulthood, yet they become apparent in lactating females as well as in
diet-induced obese rodents (Kesterson, Huszar, Lynch, Simerly, & Cone, 1997; C. Li, Chen, &
Smith, 1998a). In this study, we demonstrate that a 24-hour fast was not associated with
increased local VTA Npy expression. We cannot, however, exclude that the number and/or
identity of NPY-immunoreactive VTA afferents is different between sexes or during conditions
with altered physiological needs, such as pregnancy and diet-induced obesity, compared to
the standard physiological condition assessed in this study. In addition, infusion of colchicine
in the lateral ventricle may not lead to a uniform increase in immunoreactivity in the brain,
particularly in the hindbrain areas, and our tracer injection did not encompass the entire VTA,
which may lead to an underestimation of the number of co-localized neurons. Lastly, the CTB
tracer is not unsusceptible to uptake by fibers of passage, which could lead to the
identification of a non-existent NPY-containing VTA afferent (S. Chen & Aston-Jones, 1995;
Ericson & Blomqvist, 1988; Luppi, Fort, & Jouvet, 1990). However, the two projections we
have determined to be partially NPYergic have been described in a tracing study employing
retrograde viral tracers specifically targeted to VTA dopaminergic neurons by using the CreLox system (Watabe-Uchida et al., 2012). As uptake by fibers of passage is highly unlikely with
this technique, we therefore believe that the assessment of NPY afferents in our study is
accurate.
We demonstrate that both the Arc and a part of the ventrolateral medulla of the
brainstem contain NPY-immunoreactive afferents projecting to the VTA under normal
physiological circumstances in normal-weight male Wistar rats. Therefore, these brain regions
link the NPY circuitry to VTA-driven changes in motivational behavior. Our study is the first to
systematically investigate the origin of VTA afferent projections using neuroanatomical
tracing methods. The next step will be to establish how these neuronal populations drive
VTA-driven motivational behavior and whether the function of these populations is
dysregulated during altered physiological states, including obesity.
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Table 2. Antibodies used in this study.
Antibody
Immunizing agent
(dilution)
Rabbit anti-NPY Full porcine NPY-peptide
(1:1,000)
conjugated to thyroglobulin with
glutaraldehyde:
YPSKPDNPGEDAPAEDLARYYSALR
HYINLITRQRY-NH2
Rabbit antiN-terminal 26 amino acids of
POMC
porcine POMC:
(1:1,000)
WCLESSQCQDLSTESNLLACIRCAC
KP
Mouse anti-TH
Tyrosine hydroxylase purified
(1:1,000)
from PC12 cells
Rabbit-anti-TH
(1:1,000)

SDS-denatured rat tyrosine
hydroxylase purified from
pheochromocytoma
Mouse IgG

Manufacturer/Cat#/RRID/C
lonality
Netherlands Institute for
Neuroscience/n.a./RRID:
AB_2753189/ polyclonal

Reference

Phoenix Pharmaceuticals/
#H-029-030/RRID:
AB_2307442/polyclonal

(Wittmann
et al., 2017)

EMD Millipore Corporation/
#MAB318/RRID:
AB_2201528/ monoclonal
Sigma-Aldrich/#T8700/n.a./
polyclonal

(H. L. Wang
& Morales,
2008)
n.a.

*

Biotinylated
Vector Laboratories/
n.a.
goat anti-mouse
BA9200/RRID:
IgG (H+L)
AB_2336171/polyclonal
(1:400)
Biotinylated
Rabbit IgG
Vector Laboratories/
n.a.
goat anti-rabbit
BA1000/RRID:
IgG (H + L)
AB_2313606/polyclonal
(1:400)
Alexa Fluor-488 Rabbit IgG
Invitrogen/A21206/RRID:
n.a.
donkey antiAB_2535792/polyclonal
rabbit IgG (H+L)
(1:500)
n.a. = not applicable, *(Buijs, 1989; Goldstone et al., 2002; van der Beek et al., 1992; van Wamelen et
al., 2013)
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A 24-hour fast differentially affects dopamineand opioid-related gene expression

Chapter IX

Abstract
The need to understand food intake regulation has increased during the last decades as the
prevalence of obesity due to overeating is still increasing. Food deprivation through dieting or
fasting, leads to adaptive physiological changes that increase food seeking behavior and the
motivation to obtain food that make it difficult to consume lower caloric intake. The
dopamine and opioid system are two components of the reward circuitry that, when
activated, increase motivation to obtain food or palatable intake. Two areas of the reward
system, the ventral tegmental area (VTA) and nucleus accumbens (NAc), express G-proteincoupled receptors for blood borne factors that signal energetic status, such as insulin, leptin
and ghrelin. Effects of chronic food restriction on the reward circuitry have been studied
extensively, but little is known about the effects of acute deprivation.
We here determined the effects of acute deprivation on reward system gene
expression by measuring dopaminergic and opioid gene expression in VTA and NAc brain
punches of 24 hours food deprived and ad libitum fed male Wistar rats using RT-qPCR at two
time points. In addition, the arcuate nucleus (Arc) and lateral hypothalamus (LHA) were also
studied, as these are hypothalamic areas with reciprocal connections with reward centers.
Interestingly, a short acute deprivation affected dopaminergic gene expression in the
VTA but not in the NAc, and the changes in gene expression were consistent with decreased
basal dopamine signaling as is seen after chronic food deprivation. Gene expression related to
the opioid system was affected only in the Arc, and only observed for the delta-opioid
receptor. Our data demonstrate that dopaminergic gene expression is affected after a short
period of deprivation in the input structure, and not in the output structure, of the
mesolimbic dopamine system.
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Introduction
Fasting leads to adaptive changes in humoral and neural systems to increase motivation to
enable food-seeking and subsequent hyperphagia to restore energy balance. The mesolimbic
dopamine system, originating in the ventral tegmental area (VTA) and its target the nucleus
accumbens (NAc), mediates motivational and reward-related processes (Boekhoudt et al.,
2018; Morton et al., 2006). The VTA and NAc express G-protein coupled receptors for
peripheral signals related to energetic status (Abizaid et al., 2006; Batch et al., 1992; Figlewicz
et al., 2003; Krugel, 2003; Werther et al., 1987; Zigman et al., 2006). In addition, the VTA and
NAc receive information related to energetic status from the arcuate nucleus (Arc) of the
hypothalamus via Neuropeptide Y (NPY) projections (M. C. R. Gumbs et al., 2019; van den
Heuvel et al., 2015). Arc NPY neurons are activated by fasting, and can increase feeding as
well as reward-related behaviors via G-protein coupled receptors (Jewett, Cleary, Levine,
Schaal, & Thompson, 1995; Michel et al., 1998; Pandit, Luijendijk, Vanderschuren, la Fleur, &
Adan, 2014). Fasting could thus lead to changes in reward-related behavioral processes via
changes in gene expression.
The increased motivation to procure food after chronic food restriction is
accompanied by a general increased sensitivity of the dopaminergic system and decreased
basal dopamine levels (K. D. Carr, 2007). Though acute caloric deprivation also increases the
motivation for food in a manner that scales with the duration (i.e. longer deprivation is
accompanied by more motivation; [Hanlon et al., 2004; Jewett et al., 1995; Scheggi et al.,
2013]), only a few studies have studied the dopamine system after acute food deprivation.
For instance, a short acute food deprivation of 24 hours decreased dopamine transporter
(DAT) mRNA in the VTA/substantia nigra area in rats, which was accompanied by decreased
DAT function in the dorsal striatum, but not by changes in DAT binding (Patterson et al.,
1998). No changes were observed in DAT binding in the NAc (Patterson et al., 1998).
However, 48 hours of food deprivation did not change the expression of several dopaminesystem-related genes in the VTA or NAc, including the DAT (Lindblom et al., 2006), indicating
that the effects of acute deprivation on the dopamine system might be duration dependent.
Yet, the effects of 24 hours of acute food deprivation on dopamine-related gene expression
have not been described previously.
Fasting also leads to increased food intake to compensate for energy loss, such as
temporary hyperphagia or bingeing of calorie-rich foods in which the opioid system also plays
a role (D. R. Brown & Holtzman, 1979; Smith et al., 1997; Will et al., 2003). The opioid system
consists of three opioid peptides (enkephalin, dynorphin and ß-endorphin) and three opioid
receptors (mu-, delta- and kappa-receptors). Food deprivation induces changes in opioid gene
expression. For example, in the hypothalamus, 24 hours of food deprivation decreased Arc
pro-opio-melanocortin (POMC) mRNA, the precursor for enkephalin and ß-endorphin, but did
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not affect pro-dynorphin (ppDyn) or prepro-enkephalin (ppENK) mRNA levels in the Arc,
whereas longer food deprivation decreased both Arc POMC and ppDyn mRNA levels in rats
(Kim, Welch, Grace, Billington, & Levine, 1996). In addition, opioid receptor mRNA levels were
unaffected in the Arc and lateral hypothalamic area (LHA) after 24 hours of food deprivation,
whereas longer food deprivation increased mRNA expression of Arc and LHA mu-opioid
receptors, but not of delta- or kappa-receptors, in rats (Barnes, Primeaux, & Bray, 2008).
Though studies on chronic food restriction indicate changes in opioid gene expression in the
reward system, studies on acute food deprivation have not included reward structures or
opioid-receptor gene expression as of yet (Berman, Devi, & Carr, 1994; Berman, Devi,
Spangler, Kreek, & Carr, 1997; Ikeda et al., 2015).
This study was designed to broaden our knowledge on the effects of a short acute
food deprivation on reward-related gene expression. Gene expression was measured in the
Arc, LHA, VTA and NAc of 24-hour-food-deprived and ad libitum fed male Wistar rats using
real-time quantitative polymerase chain reaction (RT-qPCR). Gene expression was measured
at the start and end of the light period, as the opioid system displays a strong circadian
rhythm (Przewlocki et al., 1983; Takahashi et al., 1986). We report on the detection of
mRNA’s of the enzymes involved in dopamine synthesis, metabolism, receptors and key
regulators, as well as the mRNAs of the opioid peptides and receptors.

Experimental procedures
Animals and housing
Male Wistar rats (Charles River breeding Laboratories, Sulzfeld, Germany), weighing 240-280
g at arrival, were habituated to the temperature- (21-23 ˚C) and light-controlled room (12:12h
light/dark cycle, 07:00-19:00 lights on) in the animal facility of The Netherlands Institute of
Neuroscience. Rats had ad libitum access to a container with standard high-carbohydrate diet
(Teklad global diet 2918, 18.6% protein, 44.2% carbohydrate, and 6.2% fat, 3.1 kcal/g, Envigo)
and a bottle of tap water. The animal care committee of the Netherlands Institute for
Neuroscience approved all experiments according to Dutch legal ethical guidelines.
Effects of 24 hours of food deprivation on mRNA expression
After seven days in the animal facility, naïve rats were food-deprived for 24 hours or kept
under ad libitum conditions in two groups; 10:00 – 10:00 (ZT3; N = 8 per group) and 17:00 –
17:00 (ZT10; N = 8 per group), and decapitated after 33%CO2/66%O2 gas anesthesia. Brains
were rapidly dissected, frozen on dry ice and stored at -80 ˚C.
Materials and methods, and data obtained from these tissue samples have been
reported previously (M. C. R. Gumbs et al., 2019). Sections (250 µm) were cut on the cryostat
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to obtain punches of the Arc (Bregma -1.72 till -3.48 mm) and bilaterally of the LHA (Bregma 1.20 till -3.00 mm), the VTA (Bregma -4.68 till -6.24 mm) and the NAc (Bregma 3.00 till -0.84
mm) according to the rat brain atlas (Paxinos & Watson, 2007). Sections were placed in
RNAlater (Ambion, Waltham, MA, USA) and punched with a 1mm-diameter blunt needle.
Punches were stored in 300 µL (Arc) or 500 µL (LHA, VTA, and NAc) TriReagent. After
homogenization using an Ultra Turrax homogenizer (IKA, Staufen, Germany), total RNA was
isolated by a chloroform extraction followed by RNA purification using the Machery Nagel
nucleospin RNA clean-up kit. RNA quality was checked on Agilent RNA nano chips, using
manufacturer’s kit and instructions, and analyzed with a Bioanalyzer (Agilent, Santa Clara,
USA). Only RIN values larger than 8.50 were included. cDNA synthesis was carried out using
equal RNA input (124.44 ng; measured with Denovix DS11; Denovix, Wilmington, USA) and
the transcriptor first-strand cDNA synthesis kit with oligo d(T) primers. Genomic DNA
contamination was controlled for by cDNA synthesis reactions without reverse transcriptase.
Gene expression was measured using RT-qPCR with the SensiFAST SYBR no-rox kit
(Bioline, London, UK) and Lightcycler® 480 (Roche Molecular Biochemicals); 2 µL cDNA was
incubated in a final reaction volume of 10 µL reaction containing SensiFAST and 25 ng per
primer. In Arc samples, the absence of steroidogenic factor (Sf1) gene expression was used to
verify the absence of ventromedial hypothalamic material in Arc punches. PCR products were
analyzed on a DNA agarose gel for qPCR product size.
Primers
Primers were designed using the Primer-Blast program (www.ncbi.nlm.nih.gov/tools/primerblast/). All primers had a maximum amplicon size of 250 bp, showed melting temperatures
between 55 – 66 °C, with no greater difference than 1.5 °C between forward and reverse
primers, a G/C content of 45 – 65 %, and a maximal self-complementarity of six nucleotides.
Primer specificity was analyzed using the reference sequence database of rattus norvegicus
(taxid: 10116). If unintended targets were present, primers had at least four mismatches with
unintended targets. Were possible, primers were intron-spanning. All primers were
purchased from Roche Molecular Biochemicals (04897030001; Mannheim, Germany). See
Table 1 for all primer sequences.
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Table 1. Primer information.
Gene

NCBI ref.

Forward primer 5’- 3’

Reverse primer 5’ – 3’

Dopaminergic and GABAergic primers
TH
NM_012740.3
TGGGGAGCTGAAGGCTTATG
CAGAGAATGGGCGCTGGATA
DrD1
NM_012546.3
CCGAGATTGCTGGCTTTTGG
GGTTCAGAATGGACGCCGTA
DrD2
NM_012547.1
CACTCAAGGGCAACTGTACC
AGGGTTGCTATGTAGGCCGT
DrD3
NM_017140.2
GAAGAGCCTGATTTAGCCCAC
TAGGATGAGAGCACAGTAGGA
DrD4
NM_012944.2
ACTGCAAATCCCCAGGCTCAG
AAGTCCGGTGCCAGTACCTAA
DAT
NM_012694.2
TGCTGTCTCTCTTCTGCGTC
GCTGCCCTGTCATTTGCTTG
COMT
NM_012531.2
CGTCGGGATCGGACCT
CAGAAAATAGTCACCAAGCCC
MAOa
NM_033653.1
GGGTAGATGTTGGTGGAGCC
TGCACCACGGAATGGGTAAG
MAOb
NM_013198.1
AAGCAGTGTGGGGGTACAAC
AAAACAGGTGGGATGGCACT
DARPP32
NM_138521.1
CAGCTCGACCCCCGACAGGT
TCGACTTTGGGTGGTGCCCCT
Synuclein-a NM_019169.2
AACTAAGGAGGGAGTCGTTC
TCATAAGCCTCACTGCTAGG
GAD65
NM_012563.1
AGCTGGAACCACTGTGTACG
ACCAGGAGAGCCGAACATTG
GAD67
NM_017007.1
CTCCCTGTGGCTGAATCGAG
GGCTACGCCACACCAAGTAT
vGat1
NM_031782.1
GGGTCACGACAAACCCAAGA
TAGGGTAGACCCAGCACGAA
ClC3
NM_053363.2
ACTGGGTGCGAGAAAAGTGT
AGCCATCCTGACCAAGCATC
vMAT2
NM_013031.1
GGACTCATCGCTCCCAACTT
CAAAAGGCCACGTCTGCAAT
Opioid primers
Mu-r
AAAGGGCAGTGTACTGGTCG
NM_001038597.2 GTGGGCCTCTTCGGAAACTT
Kappa-r
AGATGTTGGTTGCGGTCTTC
NM_001318742.1 TCTCTCCAGCCATCCCTGTTAT
Delta-r
NM_012617.1
TTCACCAGCATCTTCACTGCT
ATGAGAATGGGCACCACGAA
ppENK
NM_017139.1
CTTGTCAGAGACAGAACGGGT
CCTTGCAGGTCTCCCAGATTT
ppDyn
NM_019374.3
CTTCTGAATCTTGGATCGGC
CATTCTGTATCACCCTTCCTG
POMC
NM_139326.2
CGTGTGGAGCTGGTGCCTGG
GCGGTCCCAGCGGAAGTGAC
PC1
NM_017091.2
CTGATCTTGCTTCTTTTCTCT
GTGATTTTCAAGTGATCCAAT
PC2
NM_012746.1
GAGTTGCATAAAGACGGAGA
TTGATGTCTCTGTACCCTCT
Reference gene primers
TCGTACCTTTCTCACCACAGTATCTAG
GAAAACTAAGACACCTCCCCATCA
Ubiquitin-C NM_017314.1
HPRT
NM_012583.2
CCATCACATTGTGGCCCTCT
TATGTCCCCCGTTGACTGGT
Cyclo-A
NM_017101.1
TGTTCTTCGACATCACGGCT
CGTAGATGGACTTGCCACC
NM_001191099.1 CCAGTGTCCACCCTTATCCG
Sf1*
ACCTTGTCACCACACACTGG
ClC3 = chloride voltage-gated channel 3, COMT = catecholamine-o-methyl tranferase, Cyclo-A =
Cyclophilin-A, DARPP32 = dopamine and cAMP-regulated neuronal phosphoprotein, DAT = dopamine
transporter (Slc6A3), Delta-r = delta opioid receptor, DrD1/DrD2/DrD3/DrD4 = dopamine receptor
subtype D1/D2/D3/D4, GAD65 = glutamate decarboxylase isoform 65 kDa, GAD67 = glutamate
decarboxylase isoform 67 kDa, HPRT = Hypoxanthine guanine phosphoribosyl transferase, Kappa-r =
kappa opioid receptor, MAOa = monoamine oxidase A, MAOb = monoamine oxidase B, Mu-r = mu
opioid receptor, PC1 = prohormone convertase 1, PC2 = prohormone convertase 2, ppDyn =
preprodynorphin, POMC = pro-opiomelanocortin, ppENK = prepro-enkephalin, Sf1 = steroidogenic
factor, TH = tyrosine hydroxylase, vGat1 = vesicular GABA transporter 1 (SLc32A1), vMAT2 = vesicular
monoamine transporter 2 (Slc18A2), *absence of SF1 product was used to determine the exclusion of
ventromedial hypothalamic tissue in Arc punches.

174

Fasting and reward-related gene expression

Statistics and analyses
RT-qPCR quantification was performed using LinReg Software (Ramakers et al., 2003).
Samples deviating >5% from the mean PCR efficiency and outliers (Grubb’s test) were
excluded. Values were normalized using the geometric mean of three reference gene values
(Ubiquitin-C, Hypoxanthine guanine phosphoribosyl transferase, and Cyclophilin-A; see Table
1). As most reference genes showed regulation by time of the day, but not by food
deprivation (assessed using Two-way ANOVA analyses), data are presented per time point.
Differences between food deprived- and ad libitum-fed gene expression levels were
determined using two-tailed Mann-Whitney tests for unpaired nonparametric data. HolmsBonferroni method was used per region to correct for multiple testing. All data are presented
as mean ± SEM and as adjusted p-values (significance level is padjusted ≤ 0.05). Statistical details
are provided in Supplemental Table 1.

Results
Body weight after fasting
Body weight was measured after 24 hours of fasting and was significantly decreased in the
fasted (313.9 ± 2.5 grams) vs. the ad libitum-fed (324.9 ± 2.4 grams) group when measured at
the beginning of the light period (t14 = 3.17, p < 0.01). Body weight was, however, similar in
the fasted (343.5 ± 4.0 grams) vs. the ad-libitum-fed (352.6 ± 4.3 grams) group when
measured at the end of the light period (t14 = 1.55, p > 0.05).
Effects of 24 hours of food deprivation on dopamine-related gene expression
A 24-hour fast affects VTA TH and DrD2 mRNA levels
At ZT10, 24 hours of food deprivation decreased VTA TH mRNA (padjusted = 0.04, N[ad
libitum/food-deprived] = 7/8) and DrD2 mRNA (padjusted = 0.05; N[ad libitum/food-deprived] =
6/8) significantly compared to gene expression in ad libitum-fed controls (Figures 1A, B). A
trend for a reduction in Synuclein alpha mRNA (padjusted = 0.1; punadjusted = 0.02; N[ad
libitum/food-deprived] = 7/8) and GAD67 mRNA (padjusted = 0.09; punadjusted = 0.02; N[ad
libitum/food-deprived] = 5/8) was also observed after 24 hours of food deprivation vs. ad
libitum-fed controls (Figures 1C, E2). Gene expression of dopamine degradation enzymes
(COMT, MAOa, MAOb), dopamine uptake mechanisms (DAT/Slc6A3), or the GABA system
(GAD65, vMat2, vGat1, ClC3) were not significantly altered after 24 hours of food deprivation
(all p > 0.05; Figure 1). VTA DrD1, DrD3, and DrD4 mRNA expression levels were at detection
level and therefore unreliable.
At ZT3, expression of the genes measured in the VTA were not significantly altered by
24 hours of food deprivation (supplemental Figure 1, and supplemental Table 1 for a
summary of all p-values).
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Figure 1. A 24-hour fast decreases VTA TH and DrD2 mRNA expression at ZT10. Deprivation
decreased A) VTA TH, and B) DrD2 mRNA expression. C) A trend for a decrease was found in Synuclein
alpha, and E2) GAD67 mRNA expression. D1 – D4) No effect of deprivation was seen on genes related
to dopamine uptake or metabolism, nor E1, D3 – E5) in other GABAergic genes. Gene expression for
Drd1, DrD3, and DrD4 is not shown as expression level was at detection level. * padjusted < 0.05, #
padjusted < 0.1 and punadjusted < 0.05. See text for details and Table 1 for abbreviations.

A 24-hour fast does not affect NAc dopamine-related gene expression
At ZT10, NAc gene expression of dopamine receptors (DrD1, DrD2, DrD3), dopamine
degradation enzymes (COMT, MAOa, MAOb), neuronal activity (DARPP32), or the GABA
system (GAD65, GAD67, vGat1) were not significantly altered after 24 hours of deprivation
(all p > 0.05; Figure 2). NAc DrD4 mRNA expression was at detection level, and therefore
excluded from analysis.
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At ZT3, the expression levels of the genes measured in the NAc were also not altered by 24
hours of food deprivation (supplemental Figure 2, and supplemental Table 1 for a summary of
all p-values).

Figure 2. A 24-hour fast does not alter NAc dopamine-related gene expression at ZT10. A1-A3) Acute
food deprivation did not affect expression of dopamine receptor genes, B) DARPP32 C1-C3), dopamine
degradation enzymes, nor D1-D2) GABA-synthesizing enzymes, or D3) ClC3, an inhibitory channel
associated with GABAergic transmission. Gene expression for DrD4 is not shown as expression was at
detection level. See text for details and Table 1 for abbreviations.
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Effects of 24 hours of food deprivation on opioid gene expression
A 24-hour fast does not affect opioid gene expression in the Arc or LHA
At ZT10, Arc expression of ppENK, ppDyn, POMC, PC1, PC2, or of the mu-, kappa- or deltareceptor was not significantly different between 24-hour food deprived rats and ad libitum
fed controls (all p > 0.05; supplemental Figure 3). Unfortunately, expression of the opioid
genes could not be performed at this time point for LHA samples, as these were not available.
At ZT3, Arc expression of the delta-receptor was decreased by 24 hours of food
deprivation (padjusted = 0.03; N[ad libitum/food-deprived] = 6/5; supplemental Figure 4A3). In
addition, Arc ppDyn mRNA expression showed a trend to decrease after 24 hours of food
deprivation (padjusted = 0.1; punadjusted = 0.02; N[ad libitum/food-deprived] = 8/8; supplemental
Figure 4B2). Arc expression of the other opioid genes was not significantly altered by 24 hours
of food deprivation (all p > 0.05; supplemental Figure 4). In the LHA, opioid gene expression of
all measured genes was unaltered by 24 hours of food deprivation vs. ad libitum-fed
consumption (supplemental Figure 5). See supplemental Table 2 for a summary of all p-values
related to opioid gene expression in the Arc and LHA.
A 24-hour fast does not affect opioid gene expression in the VTA and Nac
At ZT10, 24 hours of food deprivation did not significantly affect VTA or NAc expression of
opioid-related genes (all padjusted > 0.05; supplemental Figures 6, 7).
At ZT3, 24 hours of food deprivation also did not affect VTA or NAc expression of
opioid-related genes (all padjusted > 0.05; supplemental Figures 8,9). See supplemental Table 2
for a summary of all p-values related to opioid gene expression in the VTA and NAc.

Discussion
Our aim was to determine if acute food deprivation affected dopamine- and opioid-related
gene expression in the VTA and NAc in male Wistar rats. Dopamine-related mRNA expression
was affected by short-term food deprivation in the VTA, however only at the end of the light
period. In the NAc, short-term food deprivation did not affect gene expression of the
dopamine-related genes. Furthermore, opioid-related gene expression was unaffected by
short-term food deprivation, except for delta-receptor mRNA expression in the Arc, which
was decreased after short-term food deprivation. Taken together, our data indicate that gene
expression modulation of the reward system by acute food deprivation occurs mainly in the
dopamine system as opposed to the opioid system. In addition, our data indicate that the
input structure of the mesolimbic dopamine system (i.e. the VTA) is sensitive to acute
deprivation, whereas dopamine-related gene expression in the output structure (i.e. the NAc)
is not.
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Short food deprivation may decrease dopaminergic-output
We observed that VTA TH and DrD2 mRNA were decreased after a short acute fast, and that
this was only observed when measured at the end of the light period and not when measured
at the beginning of the light period. A previous study did not observe changes in TH and DrD2
gene expression in the VTA after a longer duration of food deprivation (i.e. 48 hours;
[Lindblom et al., 2006]). However, this study did not mention when the measurements took
place, therefore it could be that they missed effects due to timing. The TH and DrD2 genes
encode two principal components of the dopamine system. Tyrosine hydroxylase (TH) is the
rate-limiting enzyme for the production of catecholamine synthesis, including dopamine
synthesis, and the DrD2 is implicated in the regulation of various behaviors, including (food)
reward and motivation (Soares-Cunha, Coimbra, Sousa, & Rodrigues, 2016). Though gene
expression data should be interpreted with caution as, for instance, changes in TH mRNA do
not always correlate with protein levels or enzyme activity (Daubner, Le, & Wang, 2011;
Kumer & Vrana, 1996), changes in the expression levels for TH and the DrD2 may thus
indicate altered dopamine signaling. In reviewing the literature, no studies were found that
directly measured dopamine output in the NAc after an acute fast in adult rats. One study
indicated decreased basal extracellular dopamine in the striatum of acutely food-deprived
neonatal rats (Ishida, Nakajima, & Takada, 1997), and Pages et al. (1993) indicated no changes
in striatal dopamine content in 48- or 72 hour food deprivation, but both did not report on
VTA or NAc dopamine content, where dopamine levels have been shown to increase after
feeding (Yoshida et al., 1992).
The DrD2 primer used in this study anneals to the long form of this receptor, which is
the post-synaptic signaling variant (Giros et al., 1989; Monsma, McVittie, Gerfen, Mahan, &
Sibley, 1989). However, the short isoform, which encodes a pre-synaptic auto-receptor,
dominates in the dopaminergic cells of the VTA (Ford, 2014; Giordano, Satpute, Striessnig,
Kosofsky, & Rajadhyaksha, 2006), and is the main dopamine receptor involved in the
regulation of dopamine release in the NAc (Anzalone et al., 2012). Indeed, increased local
dopamine release in the VTA after acute deprivation has been reported in mice as well as
changes in DrD2-evoked inhibitory postsynaptic currents (IPSCs) in VTA neurons, which may
lead to decreased dopamine output in the projection areas (Elsworth & Roth, 1997;
Roseberry, 2015). Behaviorally, midbrain DrD2 auto-receptor knockdown by short-hairpin
mRNAs or knockout increases the motivation for sucrose pellets (Bello et al., 2011; de Jong et
al., 2015). Though technically challenging, future studies could assess whether fasting affects
expression of the DrD2 auto-receptor in the VTA, and the functional implications of decreased
DrD2 mRNA for the long isoform.
Apart from TH and DrD2 mRNA, we also observed trends for decreased Synuclein
alpha and DAT mRNA in the VTA of food-deprived rats at the end of the light period.
Synuclein alpha is involved in the regulation of dopamine transmission and biosynthesis, and
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the DAT is the major mechanism for uptake of dopamine from the synaptic cleft in the NAc
and VTA (Butler, Sambo, & Khoshbouei, 2017). Decreased TH, DrD2, and DAT mRNA may
together point to decreased dopaminergic output in food deprived-conditions, and decreased
Synuclein alpha might indicate decreased dopamine biosynthesis, which would be similar to
the effects of chronic food restriction on the dopamine system (K. D. Carr, 2007).
Interestingly, all changes in dopamine-related gene expression were found at the end of the
light period. Dopamine activity shows a circadian rhythmicity with a tendency towards
increased activity during the dark period when rodents are active (Webb, Lehman, & Coolen,
2015). Fasting thus affects the dopaminergic machinery when it is becoming active, whereas
the effects of fasting are not apparent when the dopamine system is relatively silent.
Interestingly, a previous study indicated decreased DAT mRNA in the VTA/substantia
nigra area in food-deprived rats, which was associated with decreased DAT activity in the
dorsal striatum (Patterson et al., 1998). The dorsal striatum is targeted preferentially by the
substantia nigra as opposed to the VTA, and changes in DAT mRNA levels may thus be
apparent only in the substantia-nigra->dorsal striatum projection, and, possibly, only in the
VTA dopaminergic cells that project towards the dorsal striatum. Indeed, no changes in DAT
functionality were found in the NAc (Patterson et al., 1998). In addition, fasting-induced
changes in DAT functionality were most likely mediated through posttranslational effect on
DAT protein (Patterson et al., 1998). Future studies could look into projection-specific
changes in TH enzymatic activity, posttranslational changes in the DrD2 auto-receptor and the
DAT, and how these changes correlate with changes in physiological factors and behavior.
Acute fasting: a role for the VTA GABAergic system?
Our data also suggest a change in the GABAergic system of the VTA, with a trend for
decreased GAD67 mRNA levels in the VTA after food deprivation at the end of the light
period. GAD65 and GAD67 are encoded by different genes (Erlander, Tillakaratne, Feldblum,
Patel, & Tobin, 1991), and though both encode the rate-limiting enzyme in the synthesis of
GABA, they are thought to have different functional roles. GAD65 is concentrated in the nerve
terminal and synthesizes GABA for neurotransmission (Martin & Rimvall, 1993), whereas
GAD67 is spread evenly throughout the neuron and thought to have various functions
including the synthesis of GABA for energy via the GABA shunt of the tricyclic-acid cycle, and
as a regulator of redox potential during oxidative stress (Pinal & Tobin, 1998; Waagepetersen,
Sonnewald, & Schousboe, 1999). Interestingly, the GAD67 promoter is flanked by sequences
that are sensitive to insulin levels (Pedersen, Videbaek, Skak, Petersen, & Michelsen, 2001). In
addition, though the glucose supply to the brain is protected as it is the most important fuel
for the brain, a 24-hour fast may increase dependence on ketone bodies, which can affect
GABA levels (A. A. Morris, 2005). Indeed, exposure to a ketogenic diet or chronic caloric
restriction altered GAD65/67 levels in various brain regions, but the VTA or NAc were not
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specifically measured (C. M. Cheng, Hicks, Wang, Eagles, & Bondy, 2004). Future studies could
determine the implications of decreased VTA GAD67 mRNA, whether this change is also
reflected at the protein level, and for which metabolic or intracellular functions it is relevant.
A short period of food deprivation marginally affects opioid gene expression
Our data indicate that a 24-hour period of food deprivation only significantly decreased Arc
mRNA for the delta-opioid receptor, and a trend for decreased ppDyn was observed. No
significant changes in any of the other opioid system components in the Arc, LHA or the VTA
and NAc of the reward system were found. Previous studies in rodents had indicated that Arc
POMC mRNA might be decreased after 24 hours of food deprivation, however not all studies
report this effect (Kim et al., 1996; Lauzurica, Garcia-Garcia, Pinto, Fuentes, & Delgado, 2010;
Mizuno et al., 1998). Here, we also do not find altered Arc POMC mRNA after a short acute
period of deprivation. After longer deprivation Arc ppDyn mRNA was also decreased (Kim et
al., 1996). However, no change was seen in opioid receptor mRNA levels in the Arc or LHA
after 24 hours of food deprivation (Barnes et al., 2008), but increased mu-opioid receptor
mRNA levels were found in both regions after longer food deprivation (Barnes et al., 2008).
Importantly, these rats could consume a high-fat diet in addition to standard chow, which
may limit comparison (Barnes et al., 2008). In contrast, Ikeda et al. (2015) report decreased
POMC, ppENK, and ppDyn mRNA levels in whole hypothalamic of male mice after only 16
hours of food deprivation. The discrepancy between these data and ours could be the result
of differences in experimental setups such as timing, deprivation duration, dietary factors or
experimental techniques, which have all been shown to play a role in determining the effect
of fasting on opioid peptide levels (McLaughlin, Baile, & Della-Fera, 1985; Przewlocki et al.,
1983; Takahashi et al., 1986).
The effect of fasting on the opioid system in the reward-related circuitry has received
less attention than the hypothalamus although it has been reported that pharmacological
manipulation of the opioid-receptors in the NAc and VTA can alter food intake (Ikeda et al.,
2015; Noel & Wise, 1995; M. Zhang et al., 1998), and 16 hours of food deprivation was shown
to decrease POMC, ppENK, and ppDyn mRNA levels in the midbrain of mice (Ikeda et al.,
2015). However, our data indicate that 24 hours of food deprivation does not alter opioidsystem-related gene expression in the VTA or the NAc either at the beginning or end of the
light period in male Wistar rats. Interestingly, Scheggi et al. (2017) indicate that mu-opioid
receptor signaling in the NAc is altered in 18-hour food-deprived mice. We therefore suggest
that future studies focus on posttranslational modifications in opioid-receptor signaling in
response to food deprivation.
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Technical considerations
In this study, RTqPCR was used to measure gene expression in brain punches of the Arc, LHA,
VTA, and NAc. There are of course several limitations to the use of gene expression
measurements. As mentioned above, adaptive changes in neuronal activity or circuitries
might be established at the protein level, which allows for more rapid modifications. In
addition, though RT-qPCR is a very reliable and sensitive technique (Bustin, 2000), the use of
brain punches decreases the spatial resolution and RT-qPCR limits the number of genes that
can be tested efficiently. Here, the selection of genes was chosen based on regional
expression levels. Assessment of posttranslational modifications are therefore warranted, and
single-cell microarray analysis could provide more extensive information on gene expression
alterations after acute food deprivation.
Of particular interest, the reference genes chosen in this study showed modulation by
time of day effects, which precludes analysis of absolute gene expression changes between
data from two time points. Therefore, time of day effects and possible interaction effects with
fasting are therefore inaccessible in our data set. The dopamine and opioid system as well as
other physiological responses to fasting show circadian fluctuations; therefore, future studies
should identify reference genes that are not regulated by fasting or time of day to enable
these analyses.

Summary
This study investigated the effects of short acute deprivation on principal dopamine- and
opioid-related gene expression in the VTA and NAc of the reward system. Our data show that
acute deprivation decreases TH and DrD2 mRNA levels in the VTA, and point to decreased
dopaminergic output, as is seen after chronic food restriction. Dopamine-related gene
expression in the NAc was unaffected, as was opioid gene expression in the VTA and NAc.
Fasting causes a variety of physiological changes, including a stress response, therefore
further studies are required to determine via which pathways fasting changes dopaminesystem related gene expression, and the functional implications of these changes for adaptive
behaviors.
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Supplemental figures and tables

Supplemental Figure 1. A 24-hour fast does not affect VTA dopaminergic gene expression at ZT3.
Food deprivation did not affect gene expression of the A-D4) dopamine-related, or E1-E5) GABAergic
genes tested. E1) Gene expression for GAD65 could not be measured at this time point. Gene
expression levels for Drd1, DrD3, and DrD4 are not shown as expression levels were at detection level.
See text for details and Table 1 for abbreviations.
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Supplemental Figure 2. A 24-hour fast does not affect NAc dopaminergic gene expression at ZT3.
Food deprivation did not affect gene expression of the A-C3) dopamine-related, or D1-D3) GABAergic
genes tested. B) Gene expression for DARPP32 could not be measured at this time point. Gene
expression for DrD4 is not shown as expression level was at detection level. See text for details and
Table 1 for abbreviations.
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Supplemental Figure 3. A 24-hour fast does not affect Arc opioid gene expression at ZT10. Food
deprivation did not affect gene expression of the A1-A3) opioid receptors, B1-B3) opioid peptide
precursor mRNA, or C1-C2) mRNA for the cleavage-enzymes for POMC. See text for details and Table 1
for abbreviations.
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Supplemental Figure 4. A 24-hour fast does not affect Arc opioid gene expression at ZT3. Food
deprivation did not affect gene expression of the A1) Mu-, or A2) Kappa-opioid receptor, but A3)
decreased Delta-opioid receptor mRNA (p = 0.03). B1, B3) Opioid peptide precursor mRNA for
enkephalin or POMC was not affected by food deprivation, but B2) opioid peptide precursor mRNA for
dynorphin showed a trend to decrease after food deprivation (p = 0.1). C1-C2) mRNA for the cleavageenzymes for POMC were also unaffected by food deprivation. See text for details and Table 1 for
abbreviations. * padjusted < 0.05, # padjusted < 0.1 and punadjusted < 0.05.
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Supplemental Figure 5. A 24-hour fast does not affect LHA opioid gene expression at ZT3. Food
deprivation did not affect gene expression of the A1-A3) opioid receptors, or of B1-B2) opioid peptide
precursor mRNA. See text for details and Table 1 for abbreviations.
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Supplemental Figure 6. A 24-hour fast does not affect VTA opioid gene expression at ZT10. Food
deprivation did not affect gene expression of the A1-A3) opioid receptors, or of B1-B2) opioid peptide
precursor mRNA for dynorphin. See text for details and Table 1 for abbreviations.

Supplemental Figure 7. A 24-hour fast does not affect NAc opioid gene expression at ZT10. Food
deprivation did not affect gene expression of the A1-A3) opioid receptors, or of B1-B2) opioid peptide
precursor mRNA for enkephalin and dynorphin. See text for details and Table 1 for abbreviations.
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Supplemental Figure 8. A 24-hour fast does not affect VTA opioid gene expression at ZT3. Food
deprivation did not affect gene expression of the A1-A3) opioid receptors, or B1-B2) opioid peptide
precursor mRNA for dynorphin. See text for details and Table 1 for abbreviations.

Supplemental Figure 9. A 24-hour fast does not affect NAc opioid gene expression at ZT3. Food
deprivation did not affect gene expression of the A1-A3) opioid receptors, or B1-B2) opioid peptide
precursor mRNA for enkephalin and dynorphin. See text for details and Table 1 for abbreviations
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Supplemental Table 1. Adjusted p-values for dopamine-related gene expression per region
At the end of the light period
At the beginning of the light period
Gene
VTA
NAc
VTA
NAc
TH
p = 0.03 (7/8)*# ↓ p = 1 (6/8)
DrD1
d.l.
p = 1 (7/7)
d.l.
p = 1 (5/4)
DrD2
p = 0.048 (7/8)* ↓ p = 1 (7/7)
p = 1 (7/8)
p = 1 (5/4)
DrD3
d.l.
p = 1 (6/7)
d.l.
p = 1 (5/4)
DrD4
d.l.
d.l.
d.l.
d.l.
DAT
p = 0.48 (7/8)
p = 1 (7/8)
COMT
p = 1 (7/8)
p = 1 (7/7)
p = 1 (7/8)
p = 1 (5/4)
MAOa
p = 0.61 (7/8)
p = 1 (7/7)
p = 1 (7/8)
p = 1 (5/4)
MAOb
p = 0.57 (7/8)
p = 1 (6/7)
p = 0.96 (7/8)
p = 0.90 (5/4)
DARPP32
p = 1 (7/8)
p = 1 (5/4)
Synuclein A
p = 0.1 (7/8)
p = 1 (7/8)
GAD65
p = 1 (6/8)
p = 1 (5/6)
p = 1 (7/8)
p = 1 (4/4)
GAD67
p = 0.09 (5/7)
p = 1 (6/7)
p = 1 (7/7)
p = 1 (5/4)
vGat1
p = 1 (6/8)
p = 1 (7/7)
ClC3
p = 1 (7/8)
p = 1 (7/6)
p = 0.27 (7/8)
p = 1 (5/4)
vMAT2
p = 0.66 (7/7)
p = 1 (6/8)
#(N[ad libitum]/N[food-deprived]), * = statistically significant, ↓ = decreased compared to ad libitumfed rats, d.l. = at detection level, DAT/Slc6A3, vGat1/SLc32A1, vMAT2/Slc18A2.

Supplemental table 2. Adjusted p-values for opioid gene expression per region.
Gene
Arc
LHA
VTA
NAc
At the end of the light period
Mu-r
p = 1 (8/8)#
p = 0.38 (8/8)
p = 0.56 (5/4)
Kappa-r
p = 1 (8/8)
p = 0.42 (8/8)
p = 0.97 (4/4)
Delta-r
p = 0.84 (6/7)
p = 0.66 (6/8)
p = 0.44 (5/4)
ppENK
p = 1 (8/8)
p = 0.57 (5/4)
ppDyn
p = 1 (8/8)
p = 0.98 (8/8)
p = 0.16 (5/4)
POMC
p = 1 (8/8)
PC1
p = 1 (8/8)
PC2
p = 0.84 (8/8)
At the beginning of the light period
Mu-r
p = 1 8/8)
p = 1 (8/7)
p = 1 (7/8)
p = 1 (8/8)
Kappa-r
p = 0.72 (8/7)
p = 0.36 (8/7)
p = 0.75 (7/8)
p = 1 (8/7)
Delta-r
p = 0.03 (6/5)* ↓
p = 0.65 (8/8)
p = 0.94 6/6)
p = 1 (8/8)
ppENK
p = 0.65 (8/8)
p = 0.33 (8/8)
p = 0.88 (8/8)
ppDyn
p = 0.14 (8/8)
p = 1 (8/8)
p = 1 (7/8)
p = 1 (8/8)
POMC
p = 0.96 (7/8)
PC1
p = 1 (8/8)
PC2
p = 1 (8/8)
#(N[ad libitum]/N[food-deprived]), * = statistically significant, ↓ = decreased compared to ad libitumfed
rats.

190

Fasting and reward-related gene expression

191

Chapter X.
Pilot study: Predicting striatal DRD2/3 availability from the inhibitory
effect of dexamphetamine on feeding

Chapter X

Abstract
The mesolimbic dopamine system is altered in obesity, though the exact changes and factors
contributing to these changes are not clear. Our lab has shown that dietary factors can affect
the striatal availability of the dopamine D2/3 receptor (DRD2/3). Indeed, DRD2/3 availability
decreases in the ventral striatum when rats consume at least 21% of daily intake from fat
when they have access to an obesogenic free-choice high-fat high-sucrose (fcHFHS) diet. Also,
a pilot study in our lab indicated an association between fat intake and striatal DRD2/3
availability, and the possibility to predict striatal DRD2/3 availability from amphetamine
(AMPH)-induced food intake suppression. This procedure is less invasive than other methods,
and abolishes the use of radiopharmaceuticals to determine DRD2/3 availability.
Therefore, our aim is to determine if AMPH-induced inhibition of food intake can
predict ventral striatal DRD2/3 availability in rats fed a fcHFHS-diet or in CHOW-fed control
rats. After four weeks of diet consumption, AMPH (0.5 mg/kg in 1 ml/kg) or saline was
injected intraperitoneal in a randomized crossover design and food intake was measured 5
hours later. One week later, striatal DRD2/3 binding was measured using 123I-IBZM storage
phosphor imaging.
Like in our previous study, the fcHFHS group was split in fcHFHS-hf (>21% intake
from fat) and fcHFHS-lf (<21% intake from fat) groups. Dorsal and ventral striatal DRD2/3
availability was comparable between the three diet groups. Furthermore, in the CHOW-fed
group, AMPH-induced caloric intake suppression could predict dorsal striatal DRD2/3 (R2 =
0.44), whereas it could not in the fcHFHS-group.
It is thus possible to predict dorsal striatal DRD2/3 binding from AMPH-induced intake
suppression in CHOW-fed control rats, but not in fcHFHS-fed rats. These data indicate that
even if DRD2/3 availability is similar after consumption of an obesogenic or control diet, the
functionality of the dopamine system is altered after four weeks consumption of a fcHFHS-fed
diet, such that the coupling between behavioral response and dorsal striatal DRD2/3
availability has disappeared.

194

DRD2/3 availability and AMPH response

Introduction
Diet plays an important role in the etiology of obesity. Consumption of palatable, energydense food, enriched with fats and sugars, can dysregulate peripheral and central processes
involved in energy homeostasis, promoting overconsumption and the subsequent
development of obesity. The mesolimbic dopamine system of the brain, with dopamine cell
bodies in the ventral tegmental area (VTA) that release dopamine in the striatum, is a key
component of the reward-related brain circuitry and mediates feeding-related motivational
behavior (Berridge, 2007; Hernandez & Hoebel, 1988; Leigh & Morris, 2018; Meye & Adan,
2014; Wise, 2004). Importantly, studies have repeatedly shown changes in the function of the
dopamine system that could contribute to disturbed feeding such as in obesity (Kenny,
2011b; Volkow et al., 2011). In particular, changes in striatal dopamine receptor D2/3 (DRD2/3)
signaling are implicated in the etiology and maintenance of obesity (van Galen et al., 2018).
However, the underlying causes leading to alterations in dopamine receptor levels have not
been elucidated as of yet. Interestingly, rodent studies have indicated that striatal DRD 2/3
availability is affected by dietary factors; we have shown that dietary factors such as choice
and composition of the diet affect striatal DRD2/3 availability. In rats that have access to a
high-fat diet, the option of choice as opposed to a pelleted high-fat diet, leads to decreased
dorsal striatal DRD2/3 availability (van de Giessen et al., 2012). Rats that consume an
obesogenic diet that also contains sucrose (i.e. the free-choice high-fat high-sugar [fcHFHS]
diet, which has a high clinical validity [la Fleur et al., 2007; Slomp et al., 2019]), have
decreased ventral striatal DRD2/3 availability after four weeks diet consumption, but only
when they consume at least 21% fat on a daily basis. Interestingly, a pilot experiment showed
that the degree of fat intake on an obesogenic choice diet correlated with the inhibition of
food intake after injection of the dopamine releaser dexamphetamine (AMPH) prior to diet
exposure. Rats that decreased food intake less after AMPH injection, subsequently consumed
more fat when on a fcHF diet (Supplemental Figure 1). These data point to an association of
fat intake with ventral striatal DRD2/3 availability, and the possibility to predict intake or
striatal DRD2/3 availability from the behavioral response to AMPH, a procedure that is less
invasive and time-consuming than other methods to assess DRD2/3 availability, and abolishes
the use of radiopharmaceuticals.
In this study, we therefore investigated if AMPH-induced inhibition of caloric intake
can predict ventral striatal DRD2/3 availability in rats fed a fcHFHS-diet for four weeks or
CHOW-fed control rats. Rats were put on a fcHFHS diet, consisting of access to chow, a 30%
sucrose solution, a dish of fat, and a bottle of water (la Fleur et al., 2007) or a CHOW-diet,
consisting of access to chow and a bottle of water. After four weeks of diet consumption, rats
were injected with a low dose of AMPH or saline in a crossover design and food intake
measured five hours later. One week later, to abolish direct effects of the dopamine releaser
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AMPH on dopamine receptor levels (Habraken et al., 2001; Jongen, de Bruin, Beekman, &
Booij, 2008; Nikolaus et al., 2005; Schrantee et al., 2015), DRD2/3 binding levels were
determined using the well-validated radiotracer 123I-IBZM (iodobenzamide) and storage
phosphor imaging.

Experimental procedures
Animals
Twenty-eight male Wistar rats (Horst, Harlan, The Netherlands) were individually housed in a
temperature- (19-23 °C) and light-controlled room (lights on-lights off: 06:00-18:00). All
experimental procedures were approved by the Animal Ethics Committee of the Amsterdam
UMC, location Academic Medical Center of the University of Amsterdam (The Netherlands).
Procedures
The control CHOW group (N = 14; 300-330 g at arrival) received a low caloric diet consisting of
ad libitum chow (Special Diets Services, Witham, Essex, England) and tap water. The free
choice high-fat high-sugar (fcHFHS) group (N = 14; 270-300 g at arrival) received a free choice
high-fat high-sugar diet (la Fleur et al., 2007; Slomp et al., 2019) consisting of ad libitum
access to a dish of saturated fat (beef tallow, Ossewit/Blanc de Boeuf, Vandemoortele,
Belgium), a bottle of 30% w/v sugar water (300 grams commercial grade sugar in 1 L water) in
addition to the low-caloric chow diet and tap water. Due to ethical considerations, the control
group arrived after the experimental diet group had had three weeks access to the fcHFHS
diet components. Animals were assigned to a diet group upon arrival. Body weight and daily
caloric intake (chow: 3.31 kcal/g, fat: 9 kcal/g, sucrose solution: 1.2 kcal/g) were monitored
five times a week. All food components were refreshed twice a week.
After 4 weeks (fcHFHS group) or 1 week (CHOW group) consumption of their
respective diets, intraperitoneal (i.p.) injections of saline were administered at the beginning
of the light phase to habituate the animals to the procedure. Injections were administered
every other day for three days. One week later, dexamphetamine sulphate (AMPH; dosis: 0.5
mg/kg in 1 ml/kg; Spruyt Hillen BV, Ijsselstein, The Netherlands) or 0.9% NaCl (1 mL/kg) was
administered intraperitoneal in a balanced cross-over design with two days between injection
days (see Figure 1 for an overview of the experimental setup). Prior to the injection, rats were
food-restricted overnight; all food components were taken out of the cage at the end of the
light period at 17.00, and rats received 10 grams of chow and water ad libitum. AMPH was
injected at the beginning of the light phase (at 09:00). Food components were replaced
immediately after injection and intake measured 5 hours later.
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DRD2/3 binding measurement
The administration of AMPH induces a massive acute release of endogenous dopamine,
which consequently may induce lower binding of the radiotracer 123I-IBZM to DRD2/3. To
prevent such direct pharmacological effects, DRD2/3 binding measurements were performed
one week after the injections as described before (van de Giessen et al., 2013). Rats were
anesthetized at the end of the light period (16:00) with intramuscular ketamine/xylazine
followed by intravenous administration of approximately 37MBq (1 mCi) of the selective
DRD2/3 tracer 123I-IBZM (0.2 mL; GE Healthcare, Eindhoven, The Netherlands). Ninety minutes
later (Jongen et al., 2008), animals were sacrificed by bleeding through heart puncture under
anesthesia. Mesenteric, and bilateral epididymal and perirenal fat pads were excised and
weighed, and brains were removed, frozen on dry ice and sliced horizontally into 50 µm slices
in a microtome cryostat at -21 °C. Storage phosphor imaging was performed as described
previously (Crunelle, Miller, de Bruin, van den Brink, & Booij, 2009). One in four slices
containing the dorsal and ventral striatum was exposed to a Fuji BAS-MS IP for approximately
16 hours and images were scanned using a Fuji FLA-3000 phospho imager. Regions of interest
(ROIs) were drawn for the dorsal and ventral striatum, left and right. ROIs drawn for the
cerebellum were used to assess non-specific binding (Crunelle et al., 2009; van de Giessen et
al., 2012). Ratios of striatum-to-cerebellum binding were obtained by dividing the average
uptake per pixel of combined left and right dorsal striatal or ventral striatal parts by the
average uptake per pixel of the cerebellum.

Figure 1. Experimental setup. Rats had access to a free-choice high-fat high-sugar (fcHFHS) diet for 4
weeks or a control (CHOW) diet for 1 week. Subsequently, 1 ml/kg saline was injected intraperitoneal
(i.p.) to habituate animals to the procedure. Injections were administered every other day for three
days. In the following week, dexamphetamine sulphate (AMPH; dose 0.5 mg/kg in 1mg/kg) or 0.9 %
saline (1 mg/kg) was injected i.p. in a balanced crossover design with two days between injection days,
and food intake measured at 5 hours after infusion. Animals were food-restricted overnight before
each injection. After one week washout, animals were sedated, 123I-IBZM radiotracer was infused and
brains collected for storage phosphor imaging. See text for details.
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Statistical analyses
In this study, three subgroups (consisting of a fcHFHS group with its own CHOW control
group, together N = 9 or N = 10, and totalling N = 28) were started at different time points
due to logistical reasons that limit the maximal number of samples that can be processed at
the same time. All parameters concerning body weight and feeding behaviour were
comparable between the different control groups. Therefore, the data are combined
together. As the imaging analysis is more prone to variation between studies, we
standardized all imaging measurements on the average of the chow controls, which was set
at 100%. Subsequently, as DRD2/3 binding can depend on dietary preference in fcHFHS-fed
rats (van de Giessen et al., 2013), the fcHFHS-fed group was split into a fcHFHS-hf (>21% fat of
daily intake) and a fcHFHS-lf (<21% fat of daily intake) group based on van de Giessen et al.
(2013), and all data, except for correlation analyses, are presented for the fcHFHS-hf, fcHFHSlf, and CHOW-fed groups separately.
For the ventral striatum, several samples were lost during the slicing procedure.
Response to AMPH was calculated in percentages according to IntakeAMPH/Intakeveh*100%.
Results are reported for the standardized data and as mean ± SEM. A linear regression was
calculated to predict DRD2/3 binding based on AMPH-induced intake inhibition. All group
differences were analyzed using a one-way ANOVA followed by Sidak’s multiple comparisons
test, or a Mixed-effects model followed by uncorrected Fisher’s LSD tests. All statistical
analyses were performed using Graphpad Prism version 8.0.2.

Results
Intake and adiposity measures
Total daily caloric intake differed between the groups (One-way ANOVA F2,25 = 2.96, p <
0.0001). Post hoc tests revealed that intake was higher in the fcHFHS-hf and fcHFHS-lf groups
compared to the CHOW-fed group (both p < 0.0001). No difference was revealed between
intake of the fcHFHS-hf and fcHFHS-lf groups (p > 0.05). fcHFHS-hf and fcHFHS-lf rats
consumed comparable chow as percentage of total daily caloric intake (t12 = 1.59, p > 0.05).
Intake of sucrose water (t12 = 3.31, p = 0.006) and fat (t12 = 4.49, p = 0.0007) as percentage of
total daily caloric intake differed for the fcHFHS-hf and fcHFHS-lf rats. In accordance, body
weight gain (end body weight as a percentage of body weight at the start of the experiment)
was significantly higher in the fcHFHS-hf and fcHFHS-lf groups compared to the CHOW-fed
group (main effect F2,25 = 78.19, p < 0.0001, post hocs both p < 0.0001), but not different
between the fcHFHS-hf and fcHFHS-lf groups (post hoc; p > 0.05). Fat mass as a percentage of
body weight was also increased in the fcHFHS-hf and fcHFHS-lf groups compared to the
CHOW-fed group: mesenteric fat (main effect F2,25 = 3.979, p = 0.0009; post hocs both p <
0.01), epididymal fat (main effect F2,25 = 11.21, p = 0.0003; post hocs both p < 0.01), and
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perirenal fat (main effect F2,25 = 6.66, p = 0.005; post hocs both p < 0.05). Fat mass as a
percentage of body weight was not different between the fcHFHS-hf and fcHFHS-lf groups (all
post hocs p > 0.05). See Table 1 for an overview.

Table 1. Intake and adiposity measures per group.
Intake/day¶
Component (%)
(kcal)
chow/sucrose/fat
CHOW
88 ± 1.4
na
(N = 14)

Total BW gain† (%)

Fat mass/100 gr
BW
121 ± 0.7
Mes. 1.32 ± 0.06
Epi. 1.29 ± 0.08
Per. 0.29 ± 0.02
fcHFHS-hf
110 ± 1.4*
57.6 ± 2.6
161 ± 6.8*
Mes. 2.37 ± 0.42*
(N = 6)
12.7 ± 2.3º
Epi. 2.19 ± 0.29*
31.9 ± 2.9º
Per. 0.51 ± 0.02*
fcHFHS-lf
110 ± 3.5*
63.1 ± 2.2
161 ± 7.5*
Mes. 2.10 ± 0.19*
(N = 8)
22.0 ± 1.7º
Epi. 1.96 ± 0.13*
17.1 ± 1.9º
Per. 0.44 ± 0.05*
BW = body weight, Epi. = epididymal fat pad, na = not applicable, Mes. = mesenteric fat pad, Per. =
perirenal fat pad. ¶Mean daily caloric intake over the course of the diet, †Total BW gain = end
BW/begin BW x 100%, * p < 0.05 compared to CHOW group, º p < 0.05 for fcHFHS-hf vs. fcHFHS-lf.
Data are presented as mean ± SEM.

AMPH decreases intake in CHOW-, fcHFHS-hf, and fcHFHS-lf groups
AMPH injections reduced total caloric intake compared to vehicle injections in all
experimental groups (see Figure 2A). A two-way ANOVA analysis revealed a main effect of
Injection (F1,22 = 23.74, p < 0.0001), and no significant effect of Diet group (F2,22 = 2.53, p >
0.05) or an Interaction (F2,22 = 1.17, p > 0.05) for total caloric intake after AMPH. Post hoc
multiple comparisons showed that AMPH significantly reduced intake in all groups (CHOW; p
= 0.03; fcHFHS-hf; p = 0.02; fcHFHS-lf; p = 0.001).
An AMPH injection reduced chow intake specifically (Figure 2B). Two-way ANOVA
analysis revealed a main effect of Injection (F1,11 = 7.93, p = 0.02), and no significant effect of
Diet group (F1,11 = 1.31, p > 0.05), or an Interaction (F1,11 = 0.79, p > 0.05). Post hoc analysis
revealed a significant reduction of chow intake after AMPH in the fcHFHS-lf group (p = 0.01)
and no reduction in the fcHFHS-hf group (p > 0.05). Intake of sucrose water was not affected
significantly by an AMPH injection (Two-way ANOVA analysis: Injection F1,11 = 4.00, p > 0.05;
Group F1,11 = 1.86; Interaction F1,11 = 2.19, p > 0.05; Figure 2C). Also, fat intake was not
affected significantly by an AMPH injection (Injection F1,11 = 1.48, p > 0.05; Group F1,11 = 3.54;
Interaction F1,11 = 0.85, p > 0.05; Figure 2D).
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Figure 2. Intraperitoneal AMPH decreased intake in fcHFHS-hf, fcHFHS-lf, and CHOW-fed rats. A) 0.5
mg/kg in 1 ml/kg AMPH decreases total caloric intake in CHOW- and fcHFHS-fed rats (main effect of
Infusion [F1,24 = 6.34, p = 0.0189], see text for details), B) 0.5 mg/kg in 1 ml/kg AMPH decreased caloric
intake from chow in the fcHFHS-lf group (p = 0.01) and did not decrease in the fcHFHS-hf group (p >
0.09). AMPH did not affect intake of C) sucrose water, or D) fat. lf = fcHFHS-lf, hf = fcHFHS-hf. See text
for details. * p < 0.05

fcHFHS-hf, fcHFHS-lf and CHOW-fed rats show comparable striatal DRD2/3 binding
Dorsal striatal DRD2/3 binding was not significantly different between the fcHFHS-hf, fcHFHS-lf,
and CHOW-fed groups as assessed with a One-way ANOVA (F2,25 = 2.441, p > 0.05; see Figure
3A). Ventral striatal DRD2/3 binding was also not different between the fcHFHS-hf, fcHFHS-lf,
and CHOW-fed groups as assessed with a One-way ANOVA (F2,17 = 0.02, p > 0.05, see Figure
3B).
When taken together, fcHFHS-fed rats and CHOW-fed rats also had comparable DRD2/3
binding in the dorsal (t26 = 1.155, p > 0.05) and ventral striatum (t18 = 0.7352, p > 0.05, N =
10/group; data not shown).
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Figure 3. Striatal DRD2/3 binding is comparable in fcHFHS-hf, fcHFHS-lf and CHOW-fed rats. A) DRD2/3
binding in the dorsal striatum was comparable between fcHFHS-hf, fcHFHS-lf, and CHOW-fed rats (F2,25
= 2.441, p > 0.05), B) DRD2/3 binding in the ventral striatum was comparable between fcHFHS-hf,
fcHFHS-lf, and CHOW-fed rats (F2,25 = 0.02, p > 0.05). Outliers were not significant as assessed with
Grubb’s outlier test. DS = dorsal striatum, VS = ventral striatum.

AMPH-induced inhibition of intake predicts dorsal striatal DRD 2/3 binding in CHOW-, but not
in fcHFHS-fed rats
To determine whether the response to AMPH can predict striatal DRD2/3 binding levels, a
linear regression analysis was performed. AMPH inhibition of food intake was significantly
correlated with DRD2/3 binding in the dorsal striatum in the CHOW-fed group (F1,10 = 7.88, p =
0.02, R2 = 0.44; Figure 4A); i.e. more inhibition of intake by AMPH injection correlated with
higher dorsal striatal DRD2/3 binding. In the fcHFHS-fed group, no correlation was observed
between AMPH inhibition of total caloric intake with DRD2/3 binding in the dorsal striatum
(F1,11 = 0.00, R2 = 0.00, p > 0.05). In addition, no correlations with intake inhibition of the
components of the fcHFHS diet were found (all p > 0.05; Figures 4B-D).
Ventral striatal DRD2/3 binding did not significantly correlate with AMPH-induced
inhibition of intake in the CHOW-fed group (F1,6 = 0.06, R2 = 0.01, p > 0.05; Supplemental
Figure 2A), nor in the fcHFHS-fed group (F1,8 =0.04, R2 = 0.01, p > 0.05; data not shown). In
addition, no correlation was found between DRD2/3 binding in the ventral striatum and
AMPH-induced inhibition of intake of chow (F1,8 =0.16, R2 = 0.02, p > 0.05), sucrose solution
(F1,8 = 0.32, R2 = 0.04, p > 0.05), or fat intake (F1,8 = 1.14, R2 = 0.12, p > 0.05; Supplemental
Figures 2B-D).
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Figure 4. Dorsal striatal DRD2/3 binding correlates with AMPH-induced inhibition of intake in CHOW,
but not in fcHFHS-fed rats. A) AMPH-induced inhibition of intake could predict dorsal striatal DRD2/3
binding in CHOW-fed rats (F1,10 = 7.88, p = 0.02, R2 = 0.44, N = 12, 1 missing value and 1 outlier taken
out according to Grubb’s outlier test). B) In the fcHFHS-fed group, AMPH-induced inhibition of chow
intake could not predict dorsal striatal DRD2/3 binding (F1,11 = 0.16, R2 = 0.01, p > 0.05), nor could C)
AMPH-induced inhibition of sucrose intake (F1,11 = 0.21, R2 = 0.02, p > 0.05), or D) AMPH-induced
inhibition of fat intake (F1,11 = 1.15, R2 = 0.09, p > 0.05). AMPH = AMPH, white circles = CHOW group,
grey circles = fcHFHS group, * p < 0.05

Discussion
Striatal DRD2/3 availability after obesogenic diet consumption
In this study, we investigated if AMPH-induced inhibition of food intake could predict ventral
striatal DRD2/3 availability in rats fed a fcHFHS-diet for four weeks or CHOW-fed control rats,
and if this depends on basal fat intake. First, we confirmed the intake-suppressing effects of
AMPH injection irrespective of CHOW- or fcHFHS-diet consumption. Second, we determined
dorsal and ventral striatal DRD2/3 availability, and observed that all three groups had
comparable dorsal and ventral striatal DRD2/3 availability. Lastly, we determined whether
AMPH-induced intake inhibition could predict dorsal or ventral striatal DRD2/3 availability. In
contrast to our hypothesis, AMPH-induced intake inhibition could not predict ventral striatal
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DRD2/3 availability, however AMPH-induced inhibition could predict DRD2/3 availability in the
dorsal striatum in the CHOW-fed group. This correlation was absent in fcHFHS-fed animals.
Our lab has previously shown that access to a palatable diet does not lead to
straightforward changes in striatal DRD2/3 availability, as overall no differences were found in
dorsal or ventral striatal DRD2/3 availability between CHOW- and fcHFHS-fed rats (van de
Giessen et al., 2013), which is in accordance with the data shown here. However, in rats that
spontaneously consume a high fat::sugar ratio, with at least 21% of daily intake comprised of
fat (i.e. fcHFHS-hf rats), ventral striatal DRD2/3 availability is decreased vs. CHOW-fed controls
(van de Giessen et al., 2013). In our present study, we did not observe this decrease in ventral
striatal DRD2/3 availability, which may be due to a low sample size.
Apart from our studies, several rodent studies have reported on the effects of
obesogenic diet consumption on striatal DRD2/3 availability, with decreased, increased or no
effect reported (Naef, Pitman, & Borgland, 2015). However, not all prior studies have
reported the composition of the consumed diet or the striatal region that was investigated.
The high variability of experimental setups has made it difficult to determine which factors
play a role in affecting striatal DRD2/3 availability. Here, we would like to discuss a few
important aspects which future studies could take into account. First, the availability of choice
in the diet and the basal intake preference of the rodent should be taken into account (van de
Giessen et al., 2012; van de Giessen et al., 2013). Second, it is important to note that the
dorsal and ventral striatum have anatomical and functional sub-regions, and that DRD2
receptors may respond differently to dopamine depending on the sub-region (Marcott et al.,
2018), or even cell type (Gallo, 2019). Indeed, changes in DRD2/3 availability have been
reported in a region-specific manner. For instance, Huang et al. (2006) observed decreased
DRD2/3 availability only in the rostral part of the dorsal striatum in mice that gained weight on
a high-fat diet, and rats that consume at least 21 % of daily intake from fat on a fcHFHS diet
show decreased DRD2/3 availability specifically in the ventral striatum (van de Giessen et al.,
2013). Third, a reduction in the highly glycosylated form of the DRD 2 was shown after
consumption of a high-fat high-sugar cafeteria diet (P. M. Johnson & Kenny, 2010). This may
indicate that post-translational changes play a role in mediating the effects of diet on DRD 2
signaling. Lastly, the radiotracer 123I-IBZM, and other comparable tracers (van Galen et al.,
2018), bind to both DRD2 and DRD3 receptor subtypes, which are both expressed in the
striatum (Bouthenet et al., 1991). Changes in either dopamine receptor might thus be
occluded by measuring both receptor types in our study. Future studies should take these
considerations into account.
Dorsal striatal DRD2/3 availability: AMPH-induced feeding vs. locomotion
We found that AMPH-induced inhibition of intake could predict dorsal striatal DRD2/3
availability in CHOW-fed animals. The more CHOW-fed animals inhibited intake after AMPH
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injection, the higher their dorsal striatal DRD2/3 availability. In contrast, AMPH-induced food
intake could not predict dorsal striatal DRD2/3 availability in the fcHFHS-fed group. It seems
likely that AMPH-induced dopamine release acts on a certain level of DRD 2/3 receptors in the
dorsal striatum to suppress food intake in CHOW-fed animals and not anymore in fcHFHS-fed
animals. However, the predictive power of AMPH-induced intake suppression for dorsal
striatal DRD2/3 binding was not 100%.
AMPH injection leads to a massive release of dopamine in the striatum by reversal of
dopamine transporters as well as by other mechanisms (Heal, Smith, Gosden, & Nutt, 2013).
It is thought that AMPH leads to intake suppression by leading to several behavioral changes
that can affect feeding, such as the induction of stereotypy and increased locomotion
(Salisbury & Wolgin, 1985; Wolgin, Thompson, & Oslan, 1987). It has been shown that AMPH
does not affect feeding when infused directly into the dorsal striatum (G. D. Carr & White,
1986; Leibowitz, 1975a), but instead leads to stereotypy (G. D. Carr & White, 1986). Indeed,
the dynamics of peripherally injected AMPH on locomotion mimic the AMPH-induced
dopamine concentration in the striatum in chow-fed animals (Rowley et al., 2012). In
addition, there is a negative correlation between activity and feeding in AMPH-treated rats
(Cole, 1977, 1979). Apart from this, feeding-related circuits also play a role in mediating the
effects of AMPH on food intake (Heal et al., 2013; Hoebel, 1977); i.e. the lateral hypothalamus
(LHA) in particular mediates the direct suppressive effects of AMPH on intake as intra-LHA
AMPH infusion leads to intake suppression (Leibowitz, 1975a, 1975b). Therefore, measures of
locomotion may correlate more strongly with dorsal striatal DRD2/3 binding, and food intake
suppression may correlate more strongly with measures of neurotransmission in the lateral
hypothalamus.
Importantly, dopamine receptor subtype signaling interacts with each other to
modulate behavior. Though several studies have looked at the involvement of DRD1, DRD2,
and DRD3 in mediating AMPH-induced stereotypy and AMPH-induced appetite suppression
(Gilbert & Cooper, 1985; Jackson, Johansson, Lindgren, & Bengtsson, 1994; Mailman et al.,
1984; Pritchard et al., 2007), these studies did not assess the role of dorsal striatal dopamine
receptors specifically. The radiotracer used in our study binds to the DRD2 and the DRD3,
which might suggest that both receptors play a role in mediating AMPH-induced intake
suppression of feeding or locomotion in the dorsal striatum.
Taken together, the correlation between AMPH-induced intake suppression and dorsal
striatal DRD2/3 availability in CHOW-fed animals, may thus be better explained as an indirect
measurement of dopamine release acting on a certain level of DRD 2 and/or DRD3 receptors to
influence stereotypy, which leads to a suppression of food intake. The absence of an
association between AMPH-induced food intake suppression and dorsal striatal DRD2/3
availability in the fcHFHS-fed group may be due to a number of factors (see Technical
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considerations), which require further investigation. In general, it indicates a decoupling of
behavior and the dopamine system.
Technical considerations
It is important to note that the variability in AMPH-induced response was relatively limited,
which hinders a reliable assessment of the association between AMPH-induced intake
suppression and dorsal striatal DRD2/3 availability. In addition, the statistically significant
predictive power of AMPH-induced intake suppression on dorsal striatal DRD2/3 availability
depends on one data point. Future studies should increase the sample size to confirm or
disprove our results.
In addition, it is known that diet-induced obesity and consumption of obesogenic diets
lead to alterations in the dopamine system, and several of these alterations could interact
with our findings in the fcHFHS-fed group. For instance, 1) basal dopamine release can be
decreased in rats fed an obesogenic diet vs. control-fed rats (Geiger et al., 2009), which may
affect dopamine receptor expression and/or indirectly binding of the (radio)tracer to
dopamine receptors. However, we did not observe any differences in the dorsal striatal
DRD2/3 availability between the CHOW- and fcHFHS-fed groups. In addition, 123I-IBZM binding
to DRD2/3 is relatively unaffected by small changes in endogenous dopamine concentrations
(van Wieringen et al., 2014). On the other hand, as 123I-IBZM binds to both DRD2 and DRD3, it
is still possible that changes in either receptor may have been occluded in our study. Future
studies should therefore employ dopamine receptor-subtype-specific radiotracers if available.
Also, AMPH-induced dopamine release is also decreased in rats fed an obesogenic diet
(Geiger et al., 2009), which may be related to changes in dopamine transporter levels (Barry
et al., 2018; Jones et al., 2017; Narayanaswami, Thompson, Cassis, Bardo, & Dwoskin, 2013; J.
C. Patel et al., 2019; South & Huang, 2008). If the animals in our fcHFHS-fed group have
altered AMPH-induced dopamine release or dopamine transporter levels, it is possible that
their behavior is not affected to the same extent when using the same AMPH dose as in the
CHOW-fed group. In addition, the effects of AMPH on behavior are affected by the level of
deprivation (G. D. Carr & White, 1986; Cole, 1979), which might be different for CHOW- and
fcHFHS-fed rats. However, there is no apparent difference in the intake suppressing effects of
AMPH between the diet groups in our study.
Lastly, in this study, DRD2/3 availability was measured after a washout period to
prevent measurement of direct AMPH-induced pharmacological effects on the DRD2/3
receptors (Habraken et al., 2001; Jongen et al., 2008; Nikolaus et al., 2005). It may be that the
dietary effects on the dopamine system progressed further during this period, leading to the
decoupling of AMPH-induced behavior and DRD2/3 availability when measured at a later time
point. Future studies should try to reduce the washout period to a minimum to be able to
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determine the mechanisms underlying the decoupling of dopamine-mediated behavior and
dorsal striatal DRD2/3 availability in the fcHFHS-fed group.
Taken together, several diet-dopamine system interactions prevent determining what
underlies the absence of an association between dorsal striatal DRD 2/3 availability and the
behavioral response to AMPH injection in fcHFHS-fed rats. Future studies could measure
multiple components of the dopamine system over time to elucidate the mechanisms
underlying how diet alters the dopamine system.

Summary
We thus conclude that four weeks consumption of a fcHFHS diet does not affect dorsal
striatal DRD2/3 binding levels compared to consumption of a CHOW diet. In addition, AMPHinduced food intake inhibition can predict dorsal striatal DRD 2/3 availability in CHOW-fed rats
and does not predict dorsal striatal DRD2/3 availability in fcHFHS-fed rats. These data indicate
that even if DRD2/3 availability levels are similar after exposure to an obesogenic or a control
diet, the functionality of the dopamine system is altered after four weeks consumption of a
fcHFHS-fed diet, such that the coupling between behavioral response and dorsal striatal
DRD2/3 availability has disappeared.
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Supplemental figures

Supplemental Figure 1. AMPH-induced inhibition prior to exposure to fcHF diet correlates with fat
intake, but not with chow intake when on a fcHF diet. 30 male Wistar rats (350-400 g) were injected
intraperitoneally with amphetamine (AMPH; 1 mg/kg) or vehicle (saline) at the beginning of the dark
period. Five hours after injection, food intake was measured. AMPH-induced inhibition was calculated
by the percentage intake of AMPH injected rats (N = 22) normalized for vehicle intake (N = 8).
Subsequently, rats were given access to a free-choice high-fat (fcHF) diet for 2 weeks. This diet
consists of ad libitum access to chow, a bottle of tap water, and a dish of fat. Chow and fat intake were
calculated over 3 days in the second week, and correlated with the prior measured AMPH-induced
inhibition. A) Daily total, and B) chow caloric intake were not correlated with the AMPH-induced
inhibition determined before diet exposure (respectively F1,20 = 3.1, R2 = 0.13; p = 0.09, and F1,20 = 2.7,
R2 = 0.12; p = 0.11). C) Daily fat intake on a fcHF diet correlated with prior AMPH-induced inhibition
(F1,20 = 8.2 R2= 0.30; p < 0.001). Daily intake values are presented in kcal.
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Supplemental Figure 2. Ventral striatal DRD2/3 binding does not correlate with AMPH-induced
inhibition of food intake. A) AMPH-induced inhibition of food intake could not predict ventral striatal
DRD2/3 binding in CHOW-fed rats (F1,6 = 7.88, p > 0.05, R2 = 0.01, N = 8). In the fcHFHS-fed group
ventral striatal DRD2/3 binding could not be predicted by AMPH-induced intake of B) chow (F1,8 = 0.16,
p > 0.05, R2 = 0.02, N = 10), C) sucrose solution (F1,8 = 0.32, p > 0.05, R2 = 0.04, N = 10), or D) or fat (F1,8
= 1.14, p > 0.05, R2 = 0.12, N = 10).
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The high prevalence of obesity, with a key role of the human-engineered obesogenic dietary
environment in driving its development and maintenance, warrants a better understanding of
the processes underlying food intake regulation as well as the dysregulation by palatable
dietary components, such as highly saturated fats and simple sugars. In this thesis, dietinduced obesity was modelled by giving male Wistar rats unlimited access to a free-choice
high-fat high-sugar diet (fcHFHS), consisting of four diet components, namely chow (high in
complex carbohydrates), a bottle of water, a bottle of sucrose solution, and a dish of
saturated fat. This diet model has a high clinical validity to model human diet-induced obesity
as it provides dietary variety through choice options, and reliably leads to sustained
hyperphagia and metabolic changes that are similar to those during human obesity (Slomp et
al., 2019).
The brain is central to the regulation of energy balance by aligning energy uptake (via
caloric intake) and energy expenditure (e.g. via metabolism or physical activity). The neural
circuits related to caloric intake regulation are often categorized into homeostatic- and
reward circuitries. The homeostatic circuitries consist of brain regions in the hypothalamus
and hindbrain, which are located in close proximity to the more permeable parts of the
blood-brain barrier, thus allowing easy access of blood-borne signals, which reflect the energy
status of the animal. These areas regulate homeostasis in energy balance. The principal
reward-related circuitry consists of the mesolimbic dopamine system that projects from the
ventral tegmental area (VTA) to the nucleus accumbens (NAc), as well as to other
corticolimbic structures. The reward-related circuitries lie deeper in the brain and regulate
the hedonic aspects of (palatable) food intake as well as the motivation to obtain food. The
peptide Neuropeptide Y (NPY) plays a role in both circuitries by increasing both caloric intake
as well as the motivation to obtain food.
In this thesis, we investigated the effects of diet composition and energy status on
NPY function in several brain regions that are important for the homeostatic and/or hedonic
control of food intake. We also studied the role of NPY in dietary selection by reviewing the
literature on this topic and animal experimentation. In addition, we also investigated the
anatomical organization of NPY in the reward-related circuitry. Lastly, we investigated how
changes in the diet can result in adaptations in the reward-related circuitry, for example, after
a short fast or after sustained hyperphagia associated with our fcHFHS diet model of obesity.

Summary of the main findings
Dietary effects on Npy gene expression in homeostasis- and reward-related brain regions
Chapter II provides an overview of how consumption of different diets can lead to changes in
the NPY peptide- and Npy gene expression levels in homeostasis- and reward-related brain
regions. Consumption of carbohydrate-rich diets most often results in higher NPY levels in
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two regions of the hypothalamus, the arcuate nucleus (Arc) and the paraventricular nucleus
(PVN), while consumption of fat-rich diets results in lower NPY levels in these regions. The Arc
contains NPY neurons that are sensitive to blood-borne hormones and metabolites, and
convey these signals to several regions, including the PVN, via neuronal projections. The Arc>PVN projection is very important in mediating the effects of NPY on food intake. Animals
that had consumed diets that were rich in fat and sugar showed increased Npy expression in
the Arc one week after the start of the diet, suggesting that they would they would remain
hyperphagic. After four weeks of fcHFHS diet consumption, Arc Npy expression was
normalized in these animals, but instead, they were more sensitive to intracerebral NPY
infusions. Our literature study also showed that the effects of diet on NPY levels had not yet
been measured in reward regions in animals consuming a fcHFHS diet. Also, changes in NPY
receptor levels (i.e. NPY1R, NPY2R, NPY4R, and NPY5R) could provide a mechanism for
increased sensitivity to NPY in rats on a free-choice diet. However, this hypothesis had not
been addressed comprehensively. In Chapter III, we therefore measured Npy, Npy1r, Npy2r,
Npy4r, and Npy5r gene expression after six weeks of fcHFHS diet consumption in four brain
regions; the Arc, as a control, the lateral hypothalamic area (LHA), because intra-LHA NPY
infusion elicits one of the largest hyperphagic responses, and in two of the most important
reward-related brain regions, the VTA and NAc. Consumption of the fcHFHS diet altered gene
expression in the LHA and NAc. Indeed, Npy expression was increased in the LHA, whereas
Npy1r expression was differently regulated during the day in the NAc compared to chow-fed
controls. These findings suggest that diet-induced changes in NPY sensitivity should be
investigated at the peptide level for receptors. In addition, these findings suggest a role for
NPY neurons in the LHA in mediating the effects of diet-induced changes in food intake
regulation.
Our literature study, showed that, at the time, very little was published on the
regulation of NPY signaling in the LHA as well as in the reward-related brain regions. The Arc
NPY population is highly sensitive to changes in energy status, such as fasting, which increases
Npy mRNA expression in the Arc. However, it was unknown if Npy expression in the LHA, VTA,
and NAc were similarly affected by a negative energy status. Therefore, in chapter IV, we
investigated if a 24-hour fast could alter Npy expression in the LHA, VTA and NAc, as well as
the effects of fasting on Npyr expression. Our study shows that a 24-hour fast indeed
increased Arc Npy levels, and that Arc Npy1r levels decrease due to fasting when measured at
the beginning of the light period. In the dark period, only a fasting-induced decrease in Arc
Npy2r expression was observed. Fasting did not affect Npy or Npyr levels in the LHA, or in
either of the reward-related brain regions. This suggests that NPY has a different role in the
Arc than in the LHA, or the reward-related brain regions. In addition, these findings indicated
that the NPY1R and NPY2R subtypes play a role in the adaptive changes during fasting.
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The effects of NPY infusion on dietary choice depends on brain region and dietary composition
A previous study from our research group showed that intraventricular infusion of NPY
increased intake of chow and fat in rats on the fcHFHS diet. The literature indicated that the
regulation of dietary choice by NPY could be different depending on brain region. For
example, the NAc was reported to play an important role in the regulation of fat intake. In
Chapter V, we show that the effect of NPY on fat intake is mediated by NPY signaling in the
NAc in rats consuming the fcHFHS diet. In this study, we also show that NPY1R signaling in the
NAc mediated these effects, as prior NPY1R antagonist infusion in the NAc blocked the effects
of NPY on fat intake. Subsequently, we show in chapter VI, that NPY signaling in the LHA
could contribute to the increase in chow intake after intraventricular NPY infusion in fcHFHSfed rats. NPY in the LHA leads to one of the greatest hyperphagic responses compared to
several brain regions. In addition, we show several diet-induced changes in the LHA NPY
system in fcHFHS-fed rats compared to CHOW-fed control rats. In rats consuming a chowdiet, intra-LHA NPY infusion can be blocked by prior infusion of an NPY1R or NPY5R
antagonist, whereas only blocking NPY5R, and not NPY1R, is effective to block intra-LHA NPYinduced feeding in fcHFHS-fed rats.
NPY can also increase food intake when administered into the PVN, one of the brain
regions that is important for the homeostatic control of energy balance. The orexigenic
effects of NPY in the PVN depend on the composition of the basal diet of the animals. For
instance, if rats consume high levels of carbohydrates, intra-PVN infusion increases the intake
of carbohydrates specifically. If rats consume high levels of fat, intra-PVN infusion additionally
increases the intake of fat. It was, however, unknown if the orexigenic effects of NPY in the
LHA are also dependent on the composition of the basal diet, which we investigated in
chapter VII. Rats could consume either the standard chow diet, the fcHFHS diet, or a freechoice diet with access to only one of the palatable food items; a free-choice high-fat (fcHF),
or a free-choice high-sucrose (fcHS) diet. We show that the effects of intra-LHA NPY on food
intake were also dependent on the composition of the basal diet. Rats that consumed the
standard diet, the fcHFHS diet, or the fcHF diet specifically increased the intake chow (mainly
complex carbohydrates). In the fcHFHS group, two groups could be distinguished that
consumed either a high fat::sucrose ratio (relatively high intake of fat and a low intake of
sucrose water; fcHFHS-high fat group [fcHFHS-hf]) or a low fat::sucrose ratio (relatively low
intake of fat and a high intake of sucrose water; fcHFHS-low fat group [fcHFHS-lf]). In the
fcHFHS-hf group, intra-LHA NPY also increased intake of both the chow and fat components.
Interestingly, rats consuming a fcHS diet were insensitive to intra-NPY infusion. Future studies
will have to determine if these diet-induced changes in LHA NPY responsivity are adaptive or
maladaptive.
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The origin of NPY in reward brain regions
NPY is expressed in projecting neurons and interneurons throughout the brain. Several areas
receive NPY projections and show dense innervating fibers. Historically, NPY has been studied
primarily in the homeostatic brain regions with particular attention for the Arc->PVN
projection in the regulation of food intake. However, the Arc NPY neurons also project to the
LHA, and the C1/A1 area of the hindbrain also sends NPY projections to the PVN. The origin of
NPY in the reward areas is however less well studied. The NAc contains neurons that express
NPY, but it was unknown if NPY signaling in the NAc also originated from afferent projections.
Chapter V therefore used retrograde tracing to determine that Arc NPY neurons also project
to the NAc. For the VTA, a consensus on the presence of NPY-expressing neurons in the VTA
had not yet been reached. In chapter VIII, we systematically investigated the origin of NPY in
the VTA and concluded that the VTA does not contain NPY/Npy-expressing neurons under
normal physiological circumstances in male rats. In addition, retrograde tracing showed that
NPY neurons in the Arc and C1/A1 area in the hindbrain project to the VTA. The regions of the
reward system can thus both receive information from homeostatic regions that can sense
signals related to energy status.
Effects of energy status on gene expression in the reward circuitries
In addition to the hypothalamus, and specifically the NPY system, it has also been shown that
the reward circuitry is sensitive to fasting. The dopamine and opioid system regulate different
aspects of reward; the dopamine system regulates motivational aspects (‘wanting’), whereas
the opioid system regulates the rewarding aspects (‘liking’). Fasting increases the motivation
to obtain food, and may also increase the hedonic impact of food. In addition, the dopamine
system is known to be responsive to energy balance-regulating hormones that signal via Gprotein coupled receptors, which suggests that changes in gene expression may be involved
in mediating the effects on the dopamine system. In Chapter IX, we investigated if a short
period of fasting can modulate gene expression in the dopamine system or the opioid system.
Fasting primarily affected gene expression in the dopamine reward system, and primarily in
the VTA, the origin of mesolimbic dopamine neurons. Gene expression for the dopamine D2
receptor and tyrosine hydroxylase (the rate-limiting enzyme for the synthesis of dopamine)
were decreased after fasting at a time when rats would normally prepare for feeding. These
findings were generally in accordance with the effects of chronic food deprivation on the
dopamine system, and show that energy status can affect the dopamine system, possibly to
modulate food-motivation.
Effects of dietary composition on the dopamine system in the reward system
The reward system is different between people with obesity and lean controls. For example,
obese people have lower dopamine D2/3 receptor (DRD2/3) binding in the striatum, of which
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the NAc is a subregion. Previous studies in our research group had demonstrated that dietary
composition modulates the DRD2/3 binding in the NAc. Basal fat intake was linked to changes
in the DRD2/3 binding in the striatum and to the response of rats to an amphetamine injection.
However, to measure DRD2/3 binding with storage phosphor-imaging, the animal has to be
sacrificed. To study how the effects of diet on striatal DRD2/3 receptors evolve over time, a
method is required to determine DRD2/3 availability in a non-invasive way and without
sacrificing the animal. In chapter X, we investigated if the response to an amphetamine
injection could predict the availability of DRD2/3 in the different subregions of the striatum. In
rats consuming a standard chow diet, the response to an amphetamine injection could
predict the amount of dorsal striatal DRD2/3 binding. However, in the rats consuming the
fcHFHS diet, the relationship between amphetamine response and DRD2/3 binding was
abolished.
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General Discussion
The regional NPY systems in the brain are differentially affected by energy status
We investigated the NPY systems in several brain regions and how they are affected by
changes in energy status such as overconsumption (fcHFHS model; chapter III) and fasting (24
hour-fasting period; chapter IV). Our findings indicate that changes in energy status can affect
the NPY systems of the Arc, LHA, and NAc differentially; the Arc responds to both
overconsumption and fasting, whereas the LHA and NAc NPY systems respond mostly to
overconsumption. Interestingly, we find that the NPY system in the VTA does not respond to
changes in energy status.

Figure 1. Brain region-specific sensitivity to changes in energy status. The Arc NPY system is sensitive
to positive and negative changes in energy balance, whereas the NAc and LHA NPY systems are mostly
sensitive to overconsumption, and the VTA NPY system to neither (chapter III, IV). The effects of
overconsumption were measured after six weeks ad libitum access to the free-choice high-fat highsugar diet, and the effects of fasting after a 24-hour fasting period. Green = NPY-related gene
expression is affected by the manipulation, Red = NPY-related gene expression is not affected by the
manipulation, Orange areas = areas of the homeostatic system, Blue areas = areas of the reward
system. See text for details.

The Arc NPY neurons lie close to the median eminence and partial blood-brain-barrier, and
are sensitive to both positive and negative changes in energy status ([Kohno & Yada, 2012;
Rodriguez et al., 2010]; chapters II, III). Our findings indicate that the Arc responds to rapid
changes in energy status, for instance after short term overconsumption (chapter II; [la Fleur
et al., 2010]) or an acute fast (chapter IV), but the effects on Npy/Npyr gene expression are
normalized after long term overconsumption (chapter IV; [van den Heuvel, Eggels, van Rozen,
et al., 2014]) or chronic food restriction (Bi et al., 2003). Future studies will have to examine
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whether, and to what extent, the Arc NPY neurons are capable of dynamically sensing
perturbations of energy status after normalization of Npy mRNA levels. The Arc->PVN axis is
predominantly researched in relation to changes in energy status and is known to regulate
feeding behavior, and has therefore been omitted in the studies included in this thesis. In
general, NPY output in the PVN mimics Arc NPY levels and fluctuate with fasting and refeeding ([S. P. Kalra et al., 1991; Sahu et al., 1988], but not always [Beck, Jhanwar-Uniyal, et
al., 1990]). In addition, the NPY neurons in the C1/A1 area of the hindbrain can respond to a
low energy status that mimics fasting (A. J. Li & Ritter, 2004). It is, however, unknown if the
C1/A1 NPY neurons respond to overconsumption.
The NPY systems of the LHA and NAc were, however, not affected by acute fasting, but
were affected by overconsumption; i.e. both regions show altered expression of NPY-related
genes during fcHFHS overconsumption (chapters III, IV). It has been shown that NPY peptide
levels in the LHA are reactive to re-feeding after a fast, but not by fasting itself (Beck,
Jhanwar-Uniyal, et al., 1990), and LHA NPY/Npy levels are affected during overconsumption of
an obesogenic diet (chapter II; [Beck, Stricker-Krongrad, et al., 1990; Beck, Stricker-Krongrad,
Burlet, et al., 1992; Wilding, Gilbey, Jones, et al., 1992; Wilding, Gilbey, Mannan, et al., 1992]).
For the NAc, very few studies have looked at the NPY system and its responsiveness to energy
status. We found that Npyr gene expression is differentially modulated by fcHFHS diet
consumption (chapters III). Though a previous study showed that NAc NPY peptide levels
were not altered by consumption of an obesogenic diet in very young rats (Beck et al., 1994),
this has not been measured in adult rats to date. To confirm that the NPY systems of the LHA
and NAc are primarily involved in mediating overconsumption, future studies should
determine the reactivity of the LHA- and particularly the NAc NPY systems to different
physiological perturbations of energy status.
It was surprising that the NPY system of the VTA was not responsive to a positive or
negative change in energy status (chapters III, IV), as studies have increasingly shown that the
VTA is responsive to blood-borne signals that convey energy status. Also, it is clear that a
change in energy status can affect NPY/Npy levels in the Arc (Kohno & Yada, 2012; Skibicka,
Hansson, Alvarez-Crespo, Friberg, & Dickson, 2011), and we found that energy statusresponsive NPY neurons in the Arc and C1/A1 region in the brainstem project towards the
VTA (chapter VIII; [Hahn et al., 1998; A. J. Li & Ritter, 2004]), suggesting that energy statusinduced changes in NPY output are able to affect Npyr expression in the VTA through this
connection. However, both long-term overconsumption or fasting did not affect gene
expression of the NPY system in the VTA (chapters III, IV). We do, however, believe that our
manipulations of energy status should be sufficient to elicit changes in the VTA NPY system if
it was responsive to these factors. Indeed, our manipulations of energy status elicit changes in
Npy gene expression in other brain regions, such as the Arc and LHA (chapters III, IV), and
behaviorally, different effects have been reported to occur that are linked to VTA function.
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Both long-term overconsumption and fasting can increase the motivation to obtain food
(Jewett et al., 1995; la Fleur et al., 2007). Moreover, fasting can affect dopamine
neurotransmission in the VTA (Roseberry, 2015), and we show that fasting can alter
dopamine gene expression in the VTA (chapter IX).
In accordance with our findings, previous studies had shown that two weeks of
overconsumption did not increase VTA NPY peptide levels (table 3 chapter II; [Beck, StrickerKrongrad, et al., 1990; Beck, Stricker-Krongrad, Burlet, et al., 1992]). However, it is important
to note that Arc NPY levels were not consistently increased in the models of overconsumption
employed in these studies. In addition, our measurements after overconsumption are also at
a time point when Arc Npy levels are normalized. Alternatively, it could be that changes in the
VTA NPYRs are present at the protein level instead of at the gene expression level. Future
studies could investigate this.
Based on our observations, the Arc is indicated as the primary site where energy
status is sensed to dynamically alter the local NPY system. For the PVN it is clear that it
receives and processes (a derivative of) this information. Neurons in the LHA, NAc and VTA
can sense energy status, however, the NPY systems at these sites are not always involved in
sensing energy status. In the LHA and NAc, the NPY system is responds to positive changes in
energy status, whereas the NPY system in the VTA does not respond to either positive or
negative changes in energy status. Future studies measuring NPY and NPYRs at the protein
levels in these regions during dynamic changes in energy status are still necessary to resolve
several outstanding questions.

A distributed and interconnected NPY system regulates different aspects of food intake
In this thesis, we determined the effects of NPY in the NAc and LHA on food intake. Our data
show that activation of the NPY1R in the NAc can elicit intake of the fat component in rats
that consume a fcHFHS diet (chapter V), whereas NPY in the LHA increases intake of chow, or
chow and fat depending on prior dietary preferences in fcHFHS diet-fed rats (chapter VII).
Together with the roles of the Arc, PVN, VTA and C1/A1 NPY neurons in food intake
regulation, and the neuroanatomical connections of the NPY neurons, the findings in this
thesis indicate that a distributed and interconnected NPY system regulates different aspects
of feeding behavior depending on brain region (see Figure 2).
NPY induces different feeding-related behaviors in the LHA and NAc
Activation of Arc NPY neurons can increase food intake and food-motivation, NPY in the PVN
can increase food intake, and in the VTA, it can increase food-motivation (Krashes et al., 2013;
Pandit et al., 2014a; Stanley & Leibowitz, 1984). In this thesis, we focused on the NPY systems
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of the LHA and NAc. Behavioral analysis after LHA and NAc NPY/NPYR-antagonist infusions
indicated that these regions modulate food intake in a manner that is compatible with their
roles in the homeostatic and reward systems.
The LHA is recognized as a transition region between homeostatic and reward
circuitries due to its neuroanatomical interconnections (Morton et al., 2006). We, and others,
show that NPY signaling in the LHA increases food intake of bland and palatable food items
depending on prior dietary intake ([Stanley et al., 1993]; chapters VI, VII). In addition, intraLHA NPY can also lead to increases in reward-related behaviors, though not consistently. For
example, intra-LHA NPY can induce a conditioned place preference, but does not always
increase the motivation to obtain sucrose pellets (C. M. Brown et al., 2000; C. M. Brown et al.,
1998; Pandit et al., 2014a).
In addition, in the NAc, NPY increases intake specifically of a palatable food
component, but does not increase intake when relatively unpalatable chow is provided
(chapter V; [C. M. Brown et al., 2000; Pandit et al., 2014a]). Furthermore, NPY in the NAc can
increase the motivation to obtain a sucrose pellet and other reward-related behaviors.
Accordingly, intra-NAc NPY infusion can increase dopamine output (Sorensen et al., 2009),
and the effects of intra-NAc NPY on food intake are reminiscent of the effects of NAc opioid
signaling on fat intake (M. Zhang et al., 1998). The effects of NPY in the NAc are thus
compatible with a reward system function.
We also show that the NPY1R and NPY5R may have a redundant role in the LHA for
increasing food intake (chapter VI), and that the pharmacology of the NPY1R can change
during one week overconsumption of fat and sucrose (chapter VI). In addition, consumption
of a fcHS diet makes the LHA insensitive to NPY (chapter VII). Together this shows that the
LHA NPY system is sensitive to dietary composition. Moreover, we have shown that the
NPY1R underlies the effects of increased consumption of fat after intra-NAc NPY in rats
consuming a fcHFHS diet for one week (chapter V). We did not investigate if dietary
composition can affect NPYR signaling in the NAc by determining the effects of intra-NAc NPY
on food intake in rats consuming different free-choice diets, or if other NPYR, such as the
NPY5R, can also mediate changes in food-intake related behaviors. It is, however, possible
that other NPYR in the NAc may play a role in increasing fat intake. Indeed, Npy1r and Npy2r
gene expression are altered after six weeks fcHFHS diet consumption (chapter II), and Npy5r
may be modulated by fasting (chapter III), suggesting that they are sensitive to energy status.
In addition, as the changes in Npyr expression were seen after six weeks fcHFHS diet
consumption, it is possible that changes in the NPYR responsivity, in particular the NPY1R,
were not yet apparent in our study as rats were tested after one week of fcHFHS diet
consumption. Future studies should assess the functionality of the NPYRs in the NAc after
long-term fcHFHS diet consumption as well as the modulation of NPYR functionality by
consumption of other diets such as the fcHS and fcHF diet. In addition, it is not clear whether
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the changes in LHA NPY signaling are adaptive or maladaptive, which will need to be
determined.
Together, the NPY systems of the different regions mediate different aspects of
feeding behaviors, and the conceptualization of homeostasis- and reward-related behaviors
broadly captures the function of NPY signaling in each system.

Figure 2. Overview of the brain region-specific functions of NPY in food intake regulation. Arc NPY
neurons project to the PVN, LHA, NAc and VTA to regulate feeding behaviors. Upper panel) NPY
function in homeostatic brain regions: Activation of Arc NPY neurons leads to increased food intake.
The afferent NPY projections to the PVN modulate feeding behavior (not studied in this thesis). In the
LHA, NPY signals via NPY1R and NPY5R to increase chow intake, and increases fat intake depending on
prior dietary consumption. Lower panel) Npy function in reward-related brain regions: Arc activation
also increases the motivation to obtain food, which could be via signaling in the VTA and/or NAc. In
addition, the Arc->NAc projection may be involved in modulating feeding behavior by specifically
increasing fat intake via the NPY1R. NPY signaling in the LHA may be involved in mediating food
reward-related behaviors (not studied in this thesis). The role of the C1/A1 NPY projections and of the
local LHA- and NAc NPY neurons in food intake regulation require further investigation. In addition,
the role of the NPY5R in the NAc in feeding behaviors should also be investigated. 3V = third ventricle,
AC = anterior commissure, Arc = arcuate nucleus, C1/A1 = catecholaminergic cell groups in the
ventrolateral medulla of the brainstem, LHA = lateral hypothalamic area, NAc = nucleus accumbens,
PVN = paraventricular nucleus, VTA = ventral tegmental area. Light-green projections and light-grey
behaviors were not studied in this thesis. Only brain regions and NPY receptors that were studied in
this thesis are included in the figure.
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The Arc NPY projections as central regulator of food-related behaviors?
The Arc NPY neurons can sense positive and negative fluctuations in energy balance (see
section: The regional NPY systems in the brain are differentially affected by energy status
systems). Also, these neurons project to all downstream regions that affect food intake or
food-motivated behaviors ([Bai et al., 1985; Elias et al., 1998; D. Wang et al., 2015]; chapters
V, VIII). The Arc NPY neurons are thus well situated to control feeding-behaviors through
downstream regions. Accordingly, activation of the Arc NPY neurons leads to increased food
intake as well as increased food-motivation (Krashes et al., 2013).
The PVN and VTA do not harbor local NPY-expressing neurons. It was already shown
that the Arc NPY neurons project to the PVN (Bai et al., 1985; D. Wang et al., 2015), and we
show here that the Arc NPY neurons project to the VTA (chapter VIII). Though the C1/A1 NPY
neurons also project to both regions ([Sawchenko et al., 1985]; chapter VIII), these neurons lie
further away from a circumventricular organ that could provide rapid information on energy
status (Paxinos & Watson, 2007). Therefore, it is likely that the Arc NPY neurons play a
predominant role in affecting neurotransmission in the PVN and VTA to modulate feedingrelated behaviors.
The LHA and NAc, however, do harbor neurons that express NPY, therefore the origin
of NPY may also be local for these regions (chapter II, VII; [Broberger, Johansen, et al., 1998;
Elias et al., 1998]). Unfortunately, both local populations have not been characterized with
respect to their role in feeding behaviors. Based on previous research and the findings in this
thesis, we hypothesize that the local LHA NPY neurons play an important role in mediating
the effects of NPY on food intake. For instance, we have found that Npy expression is
modulated by six weeks fcHFHS consumption (chapter II). Furthermore, when LHA NPY
peptide levels decreased with refeeding after fasting, Arc NPY peptide levels were not
modulated in a manner that could explain changes in LHA NPY output (Beck, Jhanwar-Uniyal,
et al., 1990), making it most likely that the NPY changes occur in NPY interneurons located in
the LHA. We localized Npy- and NPY-immunoreactive neurons to the posterior part of the LHA
(chapters II, chapter VIII). Selectively targeting the LHA NPY neurons will aid elucidating their
role in food intake regulation.
The role of local NPY neurons in the NAc in modulating feeding behaviors has not been
examined. We show that NAc Npy mRNA is not sensitive to changes in energy status (chapters
III, IV). As stimulation of Arc NPY neurons can increase food intake and motivation, and intraNAc NPY can also stimulate both feeding and food-motivation (Krashes et al., 2013; Pandit et
al., 2014a), it is thus likely that Arc NPY modulates food-related behaviors in the Nac.
However, future studies will have to confirm this.
To ascertain the contribution of the Arc NPY neurons to food intake regulation in all
downstream areas, we suggest specific Arc NPY neuron activation and simultaneous NPY
protein analysis in the downstream areas. In addition, future studies could investigate the
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relative contributions of the different NPY sources (i.e. the Arc, C1/A1 and local NPY neurons)
in modulating feeding-related behaviors.

Neuropeptide Y-reward system interactions in the modulation of food-motivation
One of the initial goals of this thesis was to investigate NPY-dopamine interactions to
determine if increased NPY levels could explain the increases food-motivation in rats
consuming a fcHFHS diet (la Fleur et al., 2007). In this thesis, we show that the Arc NPY
neurons project towards the NAc and VTA, providing a neuroanatomical basis for our
hypothesis that increased Arc NPY levels are signaled to the reward system in diet-induced
obesity (chapter VIII).
The role of the NPY-dopamine interaction in modulating food-motivation has been
suggested because the increases in food-motivation after intra-NAc or intra-VTA NPY infusion
can be reduced by blocking dopamine receptors (C. M. Brown et al., 2000; Josselyn &
Beninger, 1993; Pandit et al., 2014a). Accordingly, NPY can increase dopamine output in the
NAc and infusion of NPY5R agonists can mimic this effect (Quarta et al., 2011; Sorensen et al.,
2009). In addition, we have shown that NPY1R activation leads to increased intake of
palatable food, similar to the effects of NAc opioid signaling on fat intake (M. Zhang et al.,
1998), and that NPY1R is expressed on opioid-peptide expressing neurons in the NAc, which
harbor dopamine receptors that receive input from the VTA (chapter V). It thus seems
probable that NPYR signaling can differentially affect dopamine- and opioid signaling to
mediate the different effects of NPY on food-related behaviors. Future studies can thus
investigate the relative contributions of dopamine and opioid signaling in mediating the
effects of intra-NAc NPY on food intake. In addition, future studies can investigate if the roles
of the NPY1R and NPY5R are exclusive to opioid signaling/palatable food intake or
dopamine/motivational processes respectively, or if they can contribute to both.
Interestingly, in the VTA, NPY paradoxically inhibits dopamine neurotransmission
(Korotkova et al., 2006; Sorensen et al., 2009; K. S. West & Roseberry, 2017). Based on earlier
findings (Pandit et al., 2014a), and our own that VTA NPY gene expression does not respond
to changes in energy status (chapters III, IV), we suggest that NPY-signaling in the VTA system
might be involved primarily with mediating food-reward related behaviors, whereas the
dopamine system can also respond directly to energy deficit. We show that fasting affects
dopamine gene expression in the VTA only when measured just prior to the dark period
(chapter IX), whereas the effects of fasting are measured only just after the onset of the light
period in the Arc NPY system, and fasting does not affect the NPY system of the VTA at all
(chapter IV). This suggests a dichotomy in the regulation of these systems during fasting. In
addition, our findings indicate that signals of energy status can affect dopamine signaling in
the VTA, but not NPY in the VTA ([Figlewicz et al., 2003]; chapter IV). Still, activation of Arc
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NPY neurons also leads to increased motivation to obtain food, therefore a functional
subpopulation of Arc NPY neurons may signal to the VTA to modulate food-motivation
(Krashes et al., 2013; Marks et al., 1992). Future studies are required to elucidate the nature
of NPY-dopamine interactions.
Future studies will have to directly measure the effect of intra-VTA NPY infusion on
dopamine release in the NAc to determine how NPY-signaling can modulate the output of the
dopamine system. In addition, future studies employing projection-specific NPY neuron
activation and simultaneous behavioral analysis or NAc/VTA NPY peptide release
measurements are necessary to elucidate the regulation of the NPY system in the NAc and
VTA. Lastly, future studies will have to determine if NPY release is indeed increased in the NAc
or VTA of rats that consume a fcHFHS diet. By combining this with prior intra-NAc or intra-VTA
infusion of an NPYR-antagonist with behavioral analysis, it will be possible to determine if the
Arc->NAc and Arc->VTA NPY projections are directly involved in mediating food-motivated
behavior.

Translational notes
The ultimate goal of our research is to contribute to the elucidation of the mechanisms that
underlie how diet affects and disrupts the brain in the development of obesity in humans.
Knowledge of these disruptions will help to eventually develop targeted therapies that can
counteract them. The NPY system is also implicated in the development and maintenance of
obesity and the modulation of reward/motivational processes in humans. For example, a
body mass index (BMI) above 25 kg/m2 (overweight and obese subjects) was associated with
lower NPY expression in the infundibular nucleus, which is the human homolog to the rat Arc
(Alkemade et al., 2012). Also, subjects genetically selected for NPY haplotypes that are
associated with low NPY expression in the brain (Zhou et al., 2008), show greater NAc brain
activity in response to high-salience stimuli in males as measured with fMRI (Warthen et al.,
2019).
The studies in this thesis indicate that diet induces changes in the central NPY
system(s) of rats. However, it is not clear whether these changes are adaptive or maladaptive.
Unfortunately, the central NPY system cannot be investigated in as much detail in humans as
in experimental animals. Indeed, e.g., no positron emission tomography tracers are available
to assess this system in the living human brain. Still, studies in humans show that NPY gene
variants can predict weight loss, especially in subjects with high-fat intake (X. Lin et al., 2015),
and NPY1R and NPY5R gene variations are associated with BMI (P. Li et al., 2014). Though
difficult and costly, technically it should be possible to label NPYR-specific ligands to assess
their in vivo binding profiles in humans, which can be used to assess changes in central NPYRs
(Koglin & Beck-Sickinger, 2004). As the development of therapeutic NPYR-specific ligands that
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are safe to use in humans is still actively pursued, mechanistic insights into how the central
NPY system is affected by diet and obesity in humans can therefore be important.

Thesis conclusions
This thesis describes several fundamental findings on the function and organization of the
NPY system during the consumption of a standard low-caloric diet or a high-caloric choice
diet. NPY signals via NPY1R in the NAc to stimulate fat intake, and via the NPY1R and NPY5R in
the LHA to stimulate carbohydrate/protein intake. Our anatomical studies show that the NAc
has a local NPY source and that an afferent Arc NPY projection also contributes to NAc NPY
signaling. The origin of NPY in the VTA comes from two afferent projections; Arc NPY neurons
and NPY neurons in the C1/A1 areas of the hindbrain. The studies in this thesis also show that
the consumption of foods that contain high levels of fat and sucrose can lead to changes in
the LHA NPY system of the homeostatic circuitries, and in the dopamine system of the
hedonic circuitries.

Future directions
Historically, the Arc->PVN and hindbrain C1/A1->PVN NPY projections have been studied
most in relation to homeostatic food intake regulation. In this thesis, we investigated the NPY
system(s) in the NAc, LHA and VTA. Our research showed that oftentimes fundamental
knowledge on the responsivity or functionality of the NPY system(s) is limited. For instance,
NPY1R signaling in the PVN increases food intake, but involvement of the NPY5R has not been
accurately established to date (Stanley & Leibowitz, 1984; Yokosuka et al., 1999). Our future
directions are therefore aimed at elucidating a number of fundamental properties of the
central NPY system(s), such as the NPYRs underlying the effects of NPY on motivation in the
VTA, and the role of the different NPYRs in modulating feeding in the NAc. In addition, our
initial aims were to also investigate the mechanisms underlying increased sensitivity after
long-term fcHFHS diet consumption and the relation between NPY and dopamine signaling.
Our findings indicate that the underlying mechanisms should be investigated at the protein
level as pharmacological analysis indicated a difference in the functionality of the NPYRs in
the LHA, even though gene expression levels were similar (chapter VI). Therefore,
pharmacological assays are warranted as well as receptor bindings assays to determine the
number of receptors presented on the plasma membrane. In addition, the
interconnectedness of the different NPY systems with the local circuitry may provide useful
insight in how NPY can eventually modulate feeding-related behaviors.
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Appendix I. Dutch summary / Nederlandse samenvatting
De prevalentie van obesitas is de afgelopen decennia enorm toegenomen. In 2018, had 50%
van de Nederlandse volwassenen overgewicht, waarvan 15% obesitas (RIVM, 2019). Obesitas
vergroot het risico op het krijgen van andere ernstige ziekten zoals kanker, of hart- en
vaatziekten. Daarom is het belangrijk dat er onderzoek wordt gedaan om een goed werkende
therapie te ontwikkelen. Eén van de belangrijkste oorzaken voor het ontwikkelen van obesitas
is de consumptie van het moderne dieet met een hoog gehalte aan (verzadigde) vetten en
suikers. Een dergelijk dieet brengt veranderingen in de hersenen teweeg, waardoor het
makkelijk is om te overeten. In dit proefschrift is met het vet-suikerrijke keuzedieet een
dergelijke voedselomgeving nagebootst voor ratten. Zij krijgen onbeperkt toegang tot
gewoon rattenvoer (“chow”; dat voornamelijk uit koolhydraten en eiwit bestaat) en een fles
met water, maar ook tot lekkere en calorierijke dieetcomponenten zoals een fles met
suikerwater en een bakje met vet. Inname van dit dieet leidt bij ratten tot veranderingen die
ook bij mensen met obesitas worden gezien, bijvoorbeeld overeten, een toename in
vetpercentage en tekenen van diabetes.
De hersenen spelen een belangrijke rol in het reguleren van de energiebalans door het
afstemmen van de opgenomen energie uit voeding met de verbruikte energie voor allerlei
processen (zoals metabolisme of beweging). De neurale circuits in de hersenen worden vaak
ingedeeld in homeostatische- en beloningscircuits. De homeostatische circuits bestaan uit
gebieden in de hypothalamus en de hersenstam die deels dicht bij een incomplete bloedhersenbarrière liggen en zo toegang hebben tot signalen in de circulatie over de energetische
status van het organisme. Deze gebieden bewerkstelligen de homeostase in de energiebalans.
Het belangrijkste beloningscircuit is het circuit dat betrokken is bij motivatie. Het bestaat uit
het ventrale tegmentum (“ventral tegmental area”; VTA) dat projecteert naar de nucleus
accumbens (NAc). De beloningscircuits liggen dieper in de hersenen en regelen juist meer de
belonende aspecten van (lekkere) voedselinname en helpen bepalen of we iets lekker vinden.
Het eiwit Neuropeptide Y (NPY) speelt in beide typen circuits een rol door het verhogen van
voedselinname en het verhogen van de motivatie om voedsel te verkrijgen.
In dit proefschrift is met behulp van literatuuronderzoek en dierexperimenten
onderzocht hoe veranderingen in de samenstelling van het dieet veranderingen kunnen
veroorzaken in NPY in verschillende hersengebieden. Met anatomische studies is ook
onderzocht waar in het brein de oorsprong van NPY in het beloningscircuit is. Daarnaast is
onderzocht hoe deze circuits zich aanpassen na veranderingen in het dieet, bijvoorbeeld na
een korte periode van vasten of juist overeten zoals bij het fcHFHS dieet.
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Gevolgen van de dieetsamenstelling op NPY-genexpressie in homeostatische en
beloningsgebieden
In hoofdstuk II is er onderzocht hoe verschillende diëten kunnen leiden tot veranderingen in
de hoeveelheid NPY-eiwit en de genexpressie van Npy in homeostatische en
beloningsgebieden. Consumptie van koolhydraatrijke diëten leidt over het algemeen tot meer
NPY in twee kernen van de hypothalamus: de arcuate nucleus (Arc) en de paraventriculaire
nucleus (PVN). Terwijl consumptie van vetrijke diëten juist leidt tot minder NPY in deze
kernen. De Arc bevat NPY-cellen die gevoelig zijn voor hormonen en metabolieten in de
circulatie en geven dit signaal onder andere door aan de PVN via neuronale projecties. Met
name de Arc->PVN projecties zijn heel belangrijk voor de effecten van NPY op voedselinname
en veel onderzocht. Dieet kan dus via NPY in deze hersengebieden de regulatie van
voedselinname veranderen. Opvallend was dat dieren die toegang hadden tot een vetsuikerrijk keuze dieet verhoogde Npy in de Arc hadden na één week consumptie van het
dieet. Dit suggereerde dat deze dieren zouden blijven overeten, en dat is ook zo. Na vier
weken consumptie lieten deze dieren weliswaar Arc Npy niveaus zien die vergelijkbaar waren
met de controlegroep, maar vertoonden ze een verhoogde response op een NPY-infusie in de
hersenen. Het NPY-systeem was dus gevoeliger geworden. Uit het literatuuronderzoek bleek
tevens dat de effecten van dieet consumptie op NPY-niveaus in de beloningsgebieden niet
was gemeten in dieren op een vet-suikerrijk keuze dieet. Ook waren de niveaus van de NPYreceptoren (NPY1R, NPY2R, NPY4R en NPY5R) niet gemeten, terwijl dit een aanwijzing zou
kunnen zijn naar het mechanisme van de verhoogde gevoeligheid. Daarom zijn in hoofdstuk
III de genexpressie niveaus gemeten van Npy, Npy1r, Npy2r, Npy4r, en Npy5r na zes weken
consumptie van het vet-suikerrijke dieet in vier hersengebieden; de Arc ter controle, de
laterale hypothalamus (LHA) omdat NPY-infusie hier één van de grootste effecten op
voedselinname heeft, en in de twee belangrijkste beloningsgebieden, de VTA en de NAc.
Consumptie van het vet-suikerrijke dieet leidde alleen in de LHA en NAc tot veranderingen. In
de LHA was de Npy expressie verhoogd en in de NAc was de Npy1r expressie anders
gereguleerd over de dag. Dit betekent dat mogelijke veranderingen in receptoren die de
verhoogde gevoeligheid voor NPY zouden kunnen verklaren waarschijnlijk op eiwitniveau
moeten worden gezocht.
Gezien er weinig bekend was over de regulatie van de NPY-systemen in de LHA en de
beloningsgebieden, is in hoofdstuk IV onderzocht of 24 uur vasten, wat NPY-niveaus in de Arc
verhoogt, ook effect heeft op de NPY-niveaus in de LHA, VTA en NAc. Ook was nog niet
bekend wat het effect van vasten op de NPYR-niveaus was in deze gebieden. Onze studie laat
zien dat in de Arc Npy-niveaus inderdaad stijgen tijdens het vasten en dat Arc Npy1r-niveaus
dalen door vasten als dit in de lichtperiode wordt gemeten. Wanneer dit in de donkerperiode
wordt gemeten, is er na het vasten echter alleen een daling van Arc Npy2r-niveaus te zien.
Tevens vonden we dat vasten geen effect heeft op Npy- of Npyr-niveaus in de LHA, of beide
261

Appendix I

hedonische gebieden, wat betekent dat het NPY-systeem in deze gebieden een andere rol
heeft dan in de Arc.
Het effect van NPY-infusie op voedselkeuze hangt af van het hersengebied en de
dieetsamenstelling
In een voorgaande studie van onze onderzoeksgroep leidde een intracerebroventriculaire
NPY-infusie tot verhoogde inname van chow, maar ook van vet in ratten op het vet-suikerrijke
keuze dieet. In de literatuur waren er aanwijzingen dat de regulatie van de voedselkeuze na
NPY-infusie verschillend is per hersengebied. Specifiek hadden studies aangetoond dat de
NAc belangrijk kan zijn voor het reguleren van de vetinname. Daarom is eerst in hoofdstuk V
onderzocht of de toename van vetinname kon worden verklaard door NPY-signalering in de
NAc. Inderdaad verhogen ratten op het vet-suikerrijke keuze dieet specifiek de vetinname na
NPY-infusie in de NAc. Ook toonde deze studie aan dat de NPY1R deze effecten medieert
doordat de toename in vetinname geblokkeerd was als er eerst een NPY1R-antagonist werd
geïnfundeerd voor de NPY-infusie. Vervolgens hebben wij in hoofdstuk VI onderzocht of de
NPY-signalering in de LHA zou kunnen bijdragen aan de toename van chow-inname na NPYinfusie. NPY-infusie in de LHA leidt namelijk tot één van de grootste toenames in
voedselinname vergeleken met andere hersengebieden. Ratten op het vet-suikerrijke keuze
dieet verhoogden inderdaad specifiek de inname van chow na infusie van NPY. Ook hebben
wij ontdekt dat het NPY-systeem in de LHA van ratten op het keuze dieet anders werkt dan
dat van ratten op een standaard chow dieet. In ratten op het chow dieet kan het NPY-effect
namelijk geblokkeerd worden met een pre-infusie van een NPY1R-antagonist of een NPY5Rantagonist. In ratten op het vet-suikerrijke keuze dieet wordt het NPY-effect alleen nog
geblokkeerd met een pre-infusie van een NPY5R-antagonist, en niet met een pre-infusie van
een NPY1R-antagonist. In de literatuur was aangetoond dat het effect van NPY op
voedselkeuze in de PVN, een andere homeostatisch gebied, afhankelijk is van de
samenstelling van de basale inname. Daarom hebben wij in hoofdstuk VII onderzocht of het
effect van NPY in de LHA op voedselkeuze ook afhankelijk is van de samenstelling van de
basale inname. Ratten hadden hiervoor de toegang tot het standaard chow dieet, het vetsuikerrijke keuze dieet, of tot een vrije-keuze dieet met maar één van de lekkere
componenten; een vetrijk keuze dieet of een suikerrijk keuze dieet.
De effecten van NPY waren inderdaad afhankelijk van de samenstelling van de basale
inname. Ratten op het standaard chow dieet, het vet-suikerrijke keuze dieet of het vetrijke
dieet verhoogden specifiek de inname van chow. Wanneer rekening gehouden werd met de
variatie die de dieren op het vet-suikerrijke keuze dieet vertoonden in hun basale inname,
vonden we dat dieren met een hoge vet::suiker ratio (gelijke basale inname van vet en suiker)
ook de vetinname verhoogden na NPY-infusie. Dieren op het vet-suikerrijke keuze dieet die
een lage vet::suiker ratio hadden (lage basale inname van vet, en een relatief hoge inname
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van suiker) verhoogden echter alleen de chow-inname. Opvallend was dat dieren die het
suikerrijke keuze dieet consumeerden, ongevoelig waren geworden voor de NPY-infusie.
Inname van weinig vet met veel suiker of juist alleen veel suiker verandert dus het NPYsysteem in de LHA zodanig dat het, respectievelijk, ook de inname van lekkere
dieetcomponenten stimuleert of juist ongevoelig(er) wordt. Gezamenlijk tonen de studies in
hoofdstuk V, VI en VII aan dat de effecten van NPY op voedselinname afhankelijk zijn van het
hersengebied en de basale samenstelling van het geconsumeerde dieet.
De oorsprong van NPY in de beloningsgebieden
NPY is in veel hersengebieden aanwezig in neuronen. Daarnaast kan NPY ook via de axonen
van een neuron worden afgegeven in andere hersengebieden. NPY is voornamelijk in de
homeostatische gebieden onderzocht; de projectie van de Arc naar de PVN is het meest
onderzocht en speelt een belangrijke rol in de regulatie van voedselinname. De Arc NPY
neuronen projecteren echter ook naar de LHA en er bestaan ook NPY-projecties vanuit het
C1/A1 gebied in de hersenstam naar de PVN. De oorsprong van NPY in de beloningsgebieden
is echter minder bekend. In de NAc zijn wel lokale neuronen aanwezig die NPY tot expressie
brengen, maar het was onbekend of er ook een NPY-projectie naar de NAc is. In hoofdstuk V
is met een retrograde tracer gevonden dat de Arc NPY-neuronen ook naar de NAc
projecteren. De literatuur was inconsistent over de aanwezigheid van NPY-neuronen in de
VTA. In hoofdstuk VIII is door systematisch onderzoek aangetoond dat er geen NPY-neuronen
in de VTA aanwezig zijn onder normale fysiologische omstandigheden in mannelijke ratten.
Wel projecteren de Arc en de C1/A1 NPY-neuronen naar de VTA. Beide beloningsgebieden
kunnen dus direct een NPY-signaal uit de homeostatische gebieden ontvangen.
Effecten van vasten op de beloningssystemen
In hoofdstuk IX hebben we onderzocht of een korte periode van vasten de genexpressie van
genen uit het dopamine- of opioïde-systeem kan moduleren. Het dopamine systeem reageert
namelijk op hormonen die betrokken zijn bij de regulatie van voedselinname. Deze hormonen
signaleren via G-gekoppelde eiwitten, wat een indicatie is dat de genexpressie ook wordt
beïnvloed. De dopamine- en opioïde systemen reguleren andere aspecten van beloning. Het
dopamine systeem reguleert de motivationele aspecten (‘wanting’) terwijl het opioïde
systeem de belonende aspecten (‘liking’) reguleert. Wij vonden dat vasten voornamelijk
resulteerde in veranderingen in dopaminerge genexpressie en alleen in de VTA, de oorsprong
van mesolimbische dopamine neuronen. In de VTA was de genexpressie voor de dopamine 2
receptor en het tyrosine hydroxylase enzym (wat nodig is om dopamine te maken) verlaagd
op een tijdstip wanneer de ratten normaal zouden voorbereiden op het ontvangen van een
maaltijd. Dit zou kunnen betekenen dat er op dat moment minder dopamine vrij komt.
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Effecten van dieetsamenstelling op het beloningssysteem
Het beloningssysteem is anders in mensen met obesitas dan in slanke mensen. Dopamine 2
receptor (DRD2) binding is bijvoorbeeld verlaagd in het striatum (waarvan de NAc een
onderdeel is), wat een indicatie kan zijn dat de DRD2 daar minder tot expressie komt in
mensen met obesitas. Eerdere studies in onze onderzoeksgroep hadden aangetoond dat de
dieetsamenstelling van invloed is op de hoeveelheid beschikbare DRD2/3 in het ventrale
striatum. Ook kon de basale inname van vet in verband worden gebracht met de hoeveelheid
DRD2/3 in het striatum en de response van ratten op een amfetamine injectie. Om de DRD 2/3
te meten, moet de rat echter geofferd worden. In hoofdstuk X hebben we onderzocht of de
reactie op een amfetamine injectie voorspellend is voor de hoeveelheid DRD2/3 in
verschillende delen van het striatum zodat de bepaling van de hoeveelheid beschikbare
DRD2/3 niet post mortem hoeft plaats te vinden. In ratten op een standaard chow dieet
voorspelde de amfetamine reactie de hoeveelheid beschikbare DRD2/3. In ratten op een vetsuikerrijk keuze dieet echter niet, terwijl in beide groepen geen verschil was gemeten in de
hoeveelheid DRD2/3. Voorlopig kan de amfetamine injectie dus alleen als voorspeller van
DRD2/3 beschikbaarheid gelden in ratten op een standaard chow dieet.

Conclusies
In de bovenstaande studies hebben wij een aantal fundamentele bevindingen gedaan over
het functioneren en de organisatie van het centrale NPY-systeem. NPY signaleert via de
NPY1R in de NAc om vetinname te stimuleren, en via de NPY1R en NPY5R in de LHA om de
inname van complexe koolhydraten te stimuleren. De oorsprong van NPY in de NAc is een
lokale bron alsook een projectie vanuit de Arc NPY-neuronen. In de VTA komt NPY juist vanuit
twee projecties; de Arc NPY-neuronen en NPY-neuronen in de C1/A1 gebieden van de
hersenstam. Daarnaast concluderen we dat het consumeren van voedsel dat veel vet en
suiker bevat, kan leiden tot veranderingen in het LHA NPY systeem van de homeostatische
circuits en in het dopamine systeem van de beloningscircuits.
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Appendix II. Dose response for the NPY1R-antagonist and NPY5R-antagonist in
the nucleus accumbens and lateral hypothalamic area
Attachment to chapter VI (M.C.R. Gumbs et al., accepted).
Obesity prevalence has tripled over the past 40 years, which can be attributed for a great part
to the consumption of energy-rich, palatable diets, which lead to a dysregulation of the
regulatory systems of energy balance. Neuropeptide Y (NPY) is a potent orexigenic peptide
that exerts its effects via four NPY receptors; NPY1R, NPY2R, NPY4R, and NPY5R. In models of
diet-induced obesity (DIO), it has been found that the central NPY system is dysregulated (M.
C. Gumbs et al., 2016; Hansen et al., 2004; van den Heuvel, Eggels, van Rozen, et al., 2014;
Widdowson et al., 1997). In addition, we have determined that NPY has region-specific effects
on food intake. In our free-choice high-fat high-sugar (fcHFHS) DIO model, NPY infusion into
the nucleus accumbens (NAc) of the reward system leads to increased intake of fat (van den
Heuvel et al., 2015), whereas infusion into the lateral hypothalamic area (LHA) leads to intake
of chow (M.C.R. Gumbs et al., accepted). To be able to determine which NPY receptor
underlies the effects of NPY infusion on intake in these regions, a pharmacological approach
was devised in which NPY receptor-specific antagonists were infused prior to NPY infusion,
and food intake was measured subsequently. The aim of our dose response studies was to
find an antagonist dose that did not affect food intake by itself to determine the effects of
NPY receptor blockade on NPY-induced feeding.
In our dose response studies, fcHFHS- and CHOW-fed control animals were implanted
with bilateral cannulas aimed at the NAc or the LHA. In three different dose response
experiments, the effect of different doses of NPY1R-antagonist (GR231118, also known as
GW1229 or 1229U91) or NPY5R-antagonist (L-152,804) were infused at the beginning of the
dark period when hypothalamic NPY levels are high (Akabayashi et al., 1994; Jhanwar-Uniyal
et al., 1990; McKibbin et al., 1991). Food intake was measured two and four hours later. For
the NAc, only GR231118 was tested. For the LHA, both GR231118 and L-152,804 were tested.

Experimental procedures
Animals and housing
All experiments were performed with adult male Wistar rats (Charles River Breeding
Laboratories, Sulzfeld, Germany) weighing 270-300 grams at arrival. Rats were housed in
temperature- (21 ± 2 ˚C), humidity- (60 ± 5 %) and light-controlled (12:12hr light/dark; lights
on 07:00-19:00) rooms with background noise (radio) during the entire experiment. Rats had
ad libitum access to a container with a standard high-carbohydrate diet (Teklad global diet
2918; 24% protein, 58% carbohydrate, and 18% fat, 3.1 kcal/g, Envigo, Horst, The
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Netherlands) and a bottle of tap water. The animal ethics committees of the Amsterdam UMC
of the University of Amsterdam and The Netherlands Institute for Neuroscience approved all
experiments according to Dutch legal ethical guidelines.
Stereotactic surgery
The reader is referred to chapter VI for details on stereotactic surgery and diet intervention.
Briefly, animals were anesthetized and implanted with bilateral cannulas aimed at the lateral
hypothalamus for infusions using a stereotactic frame. Cannula’s were placed in an angle of
10° in the frontal plane. For the LHA, the coordinates A/P: -2.6 mm and L: ±3.4 mm from
Bregma, and D/V: -8.2 mm below the surface of the skull were used. For the NAc, the
coordinates A/P: +1.4 mm and L: ±2.8 mm from Bregma, and D/V: -6.6 mm were used. After
surgery, rats were housed individually and when they reached pre-surgical body weight, a
saline test infusion was performed.
Diet intervention
Rats were placed on an ad libitum chow diet with tap water, or a free-choice high-fat high
sugar-diet (fcHFHS) which allows ad libitum access to a dish of saturated beef tallow, a bottle
of 30%w/v sucrose water, standard chow, and tap water (la Fleur et al., 2007). In the dose
response for the NAc, only a fcHFHS group was included. Food intake was measured at least
five times a week and all components were refreshed twice a week. Experimental infusions
began after one week diet exposure.
Infusion parameters
Infusions were performed at the end of the light phase (between 16:30 and 17:30). All food
components were removed from the cage before infusion. For the NPY1R-antagonist
experiments in the LHA and NAc, 0, 0.3, 0.45 (only LHA), 1, 1.5 (only LHA) or 3 μg (only NAc)
GR231118 in 0.2 μL PBS (sc-361194; Santa-Cruz Biotechnology Inc., Texas, USA; also known as
1229U91 or GW1229), or vehicle (0.2 µL 0.1 mol PBS) were infused bilaterally. For the NPY5Rantagonist experiment in the LHA, 0.5, 1, or 3 nmol L-152,804 (SML0891; Sigma-Aldrich,
Missouri, USA) in 0.3 μL 4.45%, 8.9% or 26.67% DMSO respectively (D8418; Sigma-Aldrich) or
vehicle (corresponding % DMSO in 0.3 μL 0.1 mol PBS) were infused bilaterally. In addition,
0.3 μL 50% DMSO was infused into three rats to determine the effects of a high DMSO
percentage. Infusions were perfomed using an injector connected to a 10 µL Hamilton syringe
placed in an infusion pump. Volumes were infused at a rate of 0.3 µL/min and infusion was
confirmed by monitoring fluid movement in the tubing via a small air bubble. After infusion,
the injector was left in place for 1 min to allow diffusion. Upon completion of all infusions,
food was returned to the cages and weighed at 2, 4 and 22 hours after infusion.
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Tissue collection
At the end of all infusions, rats were deeply anesthetized with an overdose pentobarbital, and
epididymal fat pads were excised and weighed. Subsequently, rats were perfused
transcardially with cold 0.9% saline followed by cold 3.8% formalin. Brains were removed and,
after 24 hours postfixation, cryoprotected in 30% sucrose in PBS at 4 ˚C. Brains were then
frozen on dry ice and stored at -80 ˚C. Subsequently, brains were sectioned coronally on a
cryostat at 35 μm, and thionine staining was used to determin if cannulas were placed in the
LHA or NAc.
Statistics and analyses
Only uni- and bilateral correct placements were included. Placement was determined
according to the Paxinos rat brain atlas (Paxinos & Watson, 2007). For the NAc, correct
placements were spaced from Bregma -2.28 till -0.96 mm and were contained in an area
ventral to the lateral ventricles, medial to the anterior commissure, lateral to the Islands of
Calleja (major island) and the vertical limb of the diagonal band, and dorsal to the medial
forebrain bundle and ventral pallidum. For the LHA, correct placements were spaced from
Bregma -2.28 till -3.72 mm and were contained in an area ventral to the zona incerta, medial
of the internal capsula, and lateral to the dorsomedial and ventromedial hypothalamic nuclei.
Caloric intake was calculated for each food item and summed to determine total
caloric intake. Dietary intervention measures were analyzed using a paired t-test. Epididymal
fat pad weight is depicted per 100 gr body weight. The effects of the antagonists on food
intake were not analyzed statistically due to low sample size in some of the groups. The
effects of NPY on food intake are apparent in the first hours after infusion (Stanley & Thomas,
1993), therefore only data from the 2 hour timepoint is presented here, except for the DMSO
conditions in the NPY5R-antagonist pilot. All data are presented as mean ± SEM.

Results
Effects of fcHFHS consumption
In pilot 1 (GR231118 in the NAc), only a fcHFHS-fed group was included. Data on caloric
intake, body weight and fat mass is summarized in Table 1 for each of the diet groups. In the
LHA pilots, both CHOW-fed and fcHFHS-fed groups were included. In pilot 2 (GR231118 in the
LHA), CHOW- and fcHFHS-fed rats had similar initial body weight (t9 = 0.00, p > 0.05). During
the diet, fcHFHS-fed rats consumed a daily total caloric intake that was higher than that of
CHOW-fed rats (t9 = 4.85, p < 0.001). At the end of the diet, fcHFHS-fed rats had a higher body
weight (t9 = 2.95, p = 0.02), and more fat/100 gram body weight (t9 = 3.72, p = 0.005) than
CHOW-fed rats. fcHFHS-fed rats consumed an average of 38.2 ± 2.9 % of calories from chow,
32.6 ± 3.2 % from sugar water, and 36.3 ± 1.8 from fat. In pilot 2 (GR231118 in the LHA),
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CHOW- and fcHFHS-fed rats had similar initial body weight (t10 = 0.34, p > 0.05). During the
diet, fcHFHS-fed rats consumed a higher daily total caloric intake than CHOW-fed rats (t10 =
8.3, p < 0.0001). At the end of the diet, fcHFHS-fed rats had similar body weight (t10 = 1.2, p >
0.05), but more fat/100 gram body weight (t10 = 3.8, p = 0.004) than CHOW-fed rats. fcHFHSfed rats consumed an average of 37.3 ± 2.8 % of calories from chow, 35.5 ± 4.1 from sugar
water, and 23.4 ± 3.2 from fat.
Table 1. Summary of dietary intervention statistics.
Pilot 1: NAc GR231118
Pilot 2: LHA GR231118
Pilot 3: LHA L-152,804
fcHFHS (N = 5)
CHOW
fcHFHS
CHOW
fcHFHS
Begin BW
302 ± 1.1
300 ± 4.0
300 ± 5.2
333.2 ± 2.4 334.3 ± 2.5
End BW
405 ± 6.5
359 ± 4.8*
379 ± 4.7*
398.2 ± 4.7 405.0 ± 4.7
Fat/100 gr
0.73 ± 0.05
0.50 ± 0.03 0.74 ± 0.05* 0.57 ± 0.03 0.80 ± 0.05*
BW
TCI (kcal)
96.8 ± 12.2
65.9 ± 1.6
96.1 ± 5.5*
70.4 ± 3.7 105.1 ± 1.9*
Component
Chow (%)
44.2 ± 1.9
38.2 ± 2.9
37.3 ± 2.8
Sugar (%)
48.4 ± 2.5
32.6 ± 3.2
35.5 ± 4.1
Fat (%)
8.3 ± 2.1
36.3 ± 1.8
23.4 ± 3.2
BW = body weight, Fat/100 gr BW = epididymal fat pad weight per 100 gr BW, TCI = mean daily total
caloric intake, * P < 0.05 compared to the respective CHOW-fed group.

The effect of different doses NPY1R-antagonist GR231118 in the NAc on food intake
For the dose determination of GR231118 in the NAc, only a fcHFHS group was included.
GR231118 did not pronouncedly decrease total caloric intake at any of the doses tested (data
not shown). In addition, GR231118 did not pronouncedly affect intake of any of the dietary
components. However, intake of each component was always slightly lower after infusion of
GR23118 compared to saline infusion (see Figures 1A-D).
The effect of different doses NPY1R-antagonist GR231118 in the LHA on food intake
In the CHOW group, a dosis of 0.3 μg GR231118 did not affect intake compared to vehicle
infusion, whereas a dosis of 0.45 μg GR231118 or higher, decreased intake 2 hours after
infusion (Figure 2A).
In the fcHFHS group, a dosis of 0.3 μg GR231118 also did not affect total caloric intake
intake compared to vehicle infusion, whereas a dosis of 0.45 μg GR231118 or higher,
decreased total caloric intake 2 hours after infusion (Figure 2B). Intake of chow and fat was
not decreased by 0.3 μg GR231118, but was decreased with a higher dose of 0.45 μg (Figure
2C, 2E). Intake of sugar water was decreased after 0.3 μg GR23118 (Figure 2D).
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Figure 1. The effect of different doses NPY1R-antagonist GR231118 in the NAc on food intake.
GR231118 was infused in the NAc of fcHFHS-fed rats at the end of the light period and food intake
measured 2 hours later. A) Total caloric intake, B) caloric intake of chow, C) caloric intake of sucrose
water, and D) caloric intake of fat. Note the difference in scale for 2D. Alle doses are in μg, TCI = total
caloric intake, veh = vehicle, N = 4.

The effect of different doses NPY5R-antagonist L-152,804 in the LHA on food intake
In the CHOW group, a dosis of 0.5 nmol L-152,804 did not affect intake. Doses from 0.45 nmol
and higher did seem to slightly affect intake. The largest dosis of 3 nmol L-152,804 decreased
intake (Figure 3A).
In the fcHFHS group, total caloric intake was unaffected by any of the doses tested
(Figure 3B). Intake of chow was also unaffected by any of the doses tested (Figure 3C), as well
as intake of sucrose water (Figure 3E). Intake of fat seemed affected by different doses of L152,804, although not in a systematic manner (Figure 4D).
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Figure 2. The effect of different doses NPY1R antagonist GR231118 in the LHA on food intake.
GR231118 was infused in the LHA at the end of the light period and food intake measured 2 hours
later. A) Total caloric intake (i.e. intake from chow) in CHOW-fed rats. In fcHFHS-fed rats (striped bars),
B) total caloric intake, C) caloric intake of chow, D) caloric intake of sucrose water, and E) caloric
intake of fat. TCI = total caloric intake, veh = vehicle. (N = 3, 3, 1, 1, 1 for the respective doses in the
CHOW-group, and N = 3, 2, 1, 1, 2 for the respective doses in the fcHFHS-group).

The different doses of L-152,804 contained increasing concentrations of DMSO due to the
chemical nature of L-152,804. DMSO can have detrimental effects on food intake behaviour,
therefore DMSO percentage was also looked into. Tested with three rats, 50 % DMSO
negatively afffected intake compared to a saline infusion (data not shown). Therefore, only
lower doses of DMSO were used in subsequent infusions. Here, only caloric intake after the
vehicle infusions (i.e. the saline and different DMSO infusions) is compared. In the CHOW
group, 8.89 % and 26.67 % DMSO did not affect intake negatively as compared to saline
infusion. However, at the 22 hour time point a negative effect on caloric intake was apparent
compared to saline infusion (Figure 4A). In the fcHFHS group, no saline infusions were
performed. In this group, 26.67 % DMSO decreased total caloric intake compared to 8.89 %
DMSO at all time points (Figure 4B). For the chow and sugar water component, 26.67 %
DMSO also decreased caloric intake compared to 8.89 % DMSO at all time points, whereas for
the fat component, intake was higher after 26.67 % DMSO compared to 8.89 % DMSO (data
not shown).
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Figure 3. The effect of different doses NPY5R antagonist L-152,804 in the LHA on food intake. L152,804 was infused in the LHA at the end of the light period and food intake measured 2 hours later.
A) Total caloric intake (i.e. chow intake) in CHOW-fed rats. In fcHFHS-fed rats (striped bars), B) total
caloric intake, C) caloric intake of chow, D) caloric intake of sucrose water, and E) caloric intake of fat.
TCI = total caloric intake, veh = vehicle. (N = 6, 5, 6, 4 for the respective doses in the CHOW-group, and
N = 6, 5, 6, 4 for the respective doses in the fcHFHS-group).

Figure 4. The effect of different doses of DMSO in the LHA on food intake in CHOW- and fcHFHS-fed
rats. A) Caloric intake of CHOW-fed rats after different doses of DMSO, B) Total caloric intake of
fcHFHS-fed rats after different doses of DMSO. For the CHOW-fed group: N = 6, 2 and 1 respectively
for each dose. For the fcHFHS-fed group, N = 0, 3, and 1 respectively for each dose.
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Discussion
Regarding NPY1R antagonism, intra-NAc GR231118 did not pronouncedly affect intake of any
of the dietary components of fcHFHS-fed rats. However, intake after intra-NAc GR231118
infusion was always slightly lower than after vehicle infusion. We therefore concluded that
the lowest dose of 0.3 μg was to be used in further experiments to determine whether the
effects of intra-NAc NPY on intake were mediated via the NPY1R. Intra-LHA GR231118 did not
affect intake of chow or fat at a dose of 0.3 μg in CHOW- or fcHFHS-fed rats. However, intake
of all components was decreased after 0.45 μg infusion. Therefore, it was decided that the
dose of 0.3 μg was to be used in further experiments to determine whether the effect of
intra-LHA NPY was mediated via the NPY1R.
It is important to note that in the LHA, NPY1R-antagonist infusion could affect caloric
intake in both diet groups at the start of the dark period when LHA NPY levels might be high
and rats are preparing to feed ([Akabayashi et al., 1994; McKibbin et al., 1991]; though see
[Jhanwar-Uniyal et al., 1990]). This might indicate that NPY is released in the LHA
endogenously at this time point to regulate feeding behavior physiologically as in vitro assays
have not shown constitutive activity for the NPY1R (E. M. Parker et al., 1998), which might
have been another explanation. On the other hand, NPY1R-antagonism in the NAc did not
clearly affect intake when infused on its own. Though only a small sample size, this might
indicate that endogenous release is not as important in regulating feeding in the NAc at the
start of the dark period, and again provides evidence against constitutive activity of the
NPY1R. Future studies could explore this in more detail.
Regarding NPY5R antagonism, intra-LHA L-152,804 decreased intake when infused at a
high dose in CHOW-fed rats, whereas none of the L-152,804 doses decreased intake of the
dietary components of fcHFHS-fed rats. As the NPY5R-antagonist was dissolved in DMSO, this
was also taken into account when deciding with which dose to proceed with. As the highest L152,804 dose was dissolved in 26.67 % DMSO, this might have affected intake. This was not
apparent at the 2-hour time point, but was apparent at the 22-hour time point. In addition,
the low solubility of L-152,804 limited the dose range to the nanomolar range. The dose to be
used in further experiments was therefore a compromise between DMSO percentage and the
highest dose that could be dissolved; 1 nmol.
Technical considerations
These technical considerations have been reported before in chapter VI. The NPY1Rantagonist GR231118 is a highly potent competitive NPY1R-antagonist, but also a NPY4Ragonist (E. M. Parker et al., 1998; Schober et al., 1998). As intracerebral NPY4R activation
leads to increased intake (Campbell et al., 2003), and NPY4R has a low affinity to NPY (Gerald
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et al., 1996), GR231118 seems valid to use to determine whether the effects of NPY-induced
intake are mediated by the NPY1R.
The NPY5R-antagonist L-152,804 is highly potent and highly selective for the NPY5R,
which was also confirmed by lack of effect in NPY5R KO mice (Ishihara et al., 2006; Kanatani
et al., 2000). However, the chemical nature of L-152,804 leads to low solubility and requires
dissolving in DMSO, which, as mentioned before, could be detrimental to feeding behavior.
Together, this limited the range of the doses that could be tested. Unfortunately, other
NPY5R-antagonists have not been characterized as extensively and have not been tested
using intracerebral infusion. Therefore, the dose that was chosen for future studies might not
be optimal and it is recommended to assess the effects of DMSO by monitoring intake of
kaolin after DMSO infusion. Though the effects of DMSO were only apparent at a very high
percentage (50%) and at later time points, when it might not interfere with the direct effect
of NPY infusion, kaolin intake is an indication for nausea in animals that cannot vomit
(Goineau & Castagne, 2016). In addition, it is recommended to include a saline infusion in the
fcHFHS group for a more accurate comparison of the effects of DMSO on intake.

Conclusions
1) The Y1-antagonist GR231118 does not alter caloric intake in fcHFHS-fed rats when
infused at a dose of 0.3 μg in the NAc at the beginning of the dark period to block
endogenous NPY.
2) The Y1-antagonist GR231118 does not alter caloric intake in fcHFHS- or CHOW-fed rats
when infused at a dose of 0.3 μg in the LHA at the beginning of the dark period to
block endogenous NPY.
3) The Y5-antagonist L-152,804 does not alter caloric intake in fcHFHS- or CHOW-fed rats
when infused at a dose of 1 nmol in the LHA at the beginning of the dark period to
block endogenous NPY.
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2017
2017
2017
2016
2014
2014
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0.7
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4+
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0.4
3.9
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2018
2017
2015
2015
2014
2014
2014 – 16

0.5
0.5
0.4
0.4
0.1
0.1
4
4

2019
2018
2017
2017
2016
2014

0.5
0.5
0.5
0.5
0.5
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2017
2016
2015
2015
2014
2014

0.5
0.5
0.5
0.5
0.5
0.5
0.5

2019
2018
2017
2017
2017
2017
2016

0.6
1
1
1
1
0.5
1
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- Society for the Study of Ingestive Behavior (SSIB), Porto, Portugal
- European Molecular Biology Organization (EMBO), Cascaís, Portugal
- Amsterdam Neuroscience, Amsterdam, NL
- Society for the Study of Ingestive Behavior (SSIB), Denver, USA
- Endo-Neuro-Psycho meeting (former DN), Lunteren, NL
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- Endo-Neuro-Psycho meeting (former DN), Lunteren, NL
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- Basis Kwalificatie Onderwijs University of Amsterdam
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- Teaching and supervising thesis writing (BSc Psychobiology)
- Volunteer IMC Weekendschool for primary and secondary education
- Lecture animal experimentation for Master course Endocrinology
- Supervision of interns at MLO, HLA, and university level (BSc and MSc)
3. Parameters of esteem
Grants and prizes
Poster award Dutch neuroscience (sponsored by the Neuroscience
Campus Amsterdam, the Netherlands)
AMC PhD Scholarship (AMC, the Netherlands)
NL = the Netherlands, USA = United States of America

2016
2016
2016
2015
2015
2015
2014
2014

1.25
1.25
0.5
1.25
1
1
1
0.5

2019
2015 – 18

0.4
4+

2015 – 17

4+

2015 – 16
2015
2014 – 18

1
0.5
2

2019
2017 –
2017 –
2017
2015
2015 – 19

4+
4+
4+
0.8
0.5
4+

2016
2014
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