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Abstract 
Chronic stress is detrimental to the health and increases the risk of obesity. Stress can 

disrupt feeding behaviour, which is regulated by a complex neuronal and hormonal 

network. The neuronal and endocrinal network of stress overlaps with the feeding 

network at some points, leading to stress eating. One of these overlapping points is 

neuropeptide Y (NPY), a potent orexigenic and anxiolytic agent.  

 

In this review, the overlap between the role of NPY in homeostatic feeding and in the 

stress response will be compared. Stress can elicit varied responses on both feeding 

behaviour and NPY expression and signalling. Acute stress inhibits feeding, whereas 

chronic stress tends to promote feeding. The stress eating network is responsible for 

stress eating, usually through the direct or indirect modification of NPY/AgRP 

neurons in the arcuate nucleus of the hypothalamus, and could be a potential target for 

the treatment of stress-induced obesity. 



 

Layman’s summary 

Obesity, defined as a body mass index of 30 or higher, can lead to several major health issues, like 

cardiovascular diseases and type 2 diabetes. In the recent years, the prevalence of obesity has 

increased severely. Obesity can be caused by an imbalance in the energy intake and expenditure, for 

instance by eating too much calories. The eating behaviour is regulated by a complex network in the 

brain that is not yet fully understood. A key player in this network is the hypothalamus, a brain region 

that plays an important role in keeping the body balanced. Within this structure, there is a group of 

neurons that inhibits eating when activated, which can be recognised by the expression of the proteins 

POMC and CART. Another group of neurons in the hypothalamus has the opposite effect on eating: 

this group will increase feeding behaviour when the cells are activated. This group can be recognised 

by the proteins Neuropeptide Y (NPY) and Agouti-related protein (AgRP).  

Stress is a known risk factor for obesity and can influence feeding behaviours. Stress is regulated by a 

large network that involves certain regions in the brain and several stress hormones, like adrenalin and 

cortisol. The release of cortisol is regulated by the HPA-axis, which consist of the Hypothalamus, 

Pituitary gland and Adrenal gland. When stressed, the hypothalamus releases the hormone CRH 

(corticotropin-releasing hormone). This signal is relayed through the pituitary gland to the adrenal 

gland, which then releases cortisol in the bloodstream. Cortisol has effects throughout the body, like 

increasing the heart rate, but also in the brain. It inhibits the release of CRH from the hypothalamus to 

form a negative feedback loop.  

The networks for eating and for feeding overlap at some points. This can lead to stress eating. Most 

notable is the hypothalamus, where acute stress can inhibit the NPY/AgRP neurons, while chronic 

stress activates this neuron group. However, this effect is variable: Different types of stress, or even 

the same type of stress in a slightly different situation, can alter the amount of NPY signalling in this 

brain region. However, there might be a notable correlation between how stress affects feeding and 

how it affects NPY. If the stress caused more food intake, the levels of NPY would likely also be 

increased. On the other hand, if the stress reduced the food intake, the levels of NPY signalling in the 

hypothalamus likely were also decreased. This means that, if stress alters feeding behaviour (either 

more or less eating), the effect likely depends on signalling of NPY in the hypothalamus. 

There are also other brain regions that can modulate the activity of NPY/AgRP cells. A lot of these 

routes also use NPY in some way. This shows that the network that regulates stress eating in the brain 

is complex and dependent on NPY. Understanding this network could help prevent stress-induced 

obesity or other stress and eating disorders. 

  



 

Introduction: Stress, obesity, and Neuropeptide Y 

Stress has been called the “Health epidemic of the 21st century”, which is supported by the fact that 

stress levels have increased by 10 to 30% in the USA from 1983 to 2009 (Fink, 2016). Stress can be 

defined as “a real or perceived threat to the homeostasis of the body by adverse forces, called the 

stressors" (Charmandari et al., 2005). The stress response is essential for survival, as it motivates the 

avoidance of dangerous situations e.g. by running away from a predator. The stress response is variable 

and dependent on a multitude of factors, such as the type of stressor and the internal state of the 

organism. However, one can generally distinguish between acute stress, which lasts relatively short, 

and chronic stress, that last over a longer period. These two systems are regulated by their own 

networks. Acute stress could have a beneficial effect on the organism (Dhabhar, 2018). On the other 

hand, excessive or chronic stress is maladaptive (Glaser & Kiecolt-Glaser, 2005) and is a risk factor for 

multiple pathologies, like anxiety disorders, addiction and obesity (Sinha & Jastreboff, 2013). 

Obesity, defined as a body-mass index of 30 kg/m2 or higher,  is an increasing problem worldwide. 

Since 1975, the prevalence of obesity has almost tripled (World Health Organisation, 2021). In 2016, 

the World Health Organisation (WHO) estimated that globally more than 650 million adults, or 

approximately 13% of the world population, were obese. It is a health risk that can lead to cardiac 

diseases, type 2 diabetes and an overall increase in mortality (Must et al., 1999). Obesity can be caused 

by an imbalance in the energy balance of the body, for instance by the overconsumption of high-caloric 

foods. The network that regulates eating is a complex process involving multiple neural and hormonal 

pathways (Ahima & Antwi, 2008).  

Neuropeptide Y (NPY) was found to be a key player in the network of feeding behaviour (Stanley et al., 

1985) and, also, to act as an anxiolytic agent (Heilig et al., 1989), among other function. As NPY is 

involved in both feeding and stress regulation, this neurohormone has been the subject of numerous 

studies that looked at stress eating (Chigr et al., 2014; S.-X. Wang et al., 2012). In this thesis, I will 

review the role of NPY in feeding and the stress response, and the role this neuropeptide can play in 

stress-induced hyper- and hypophagia. First, NPY will be introduced, then the neural mechanisms of 

feeding behaviour will be discussed, with a special focus on NPY. Next, I will provide the different 

mechanisms involved in the stress response, and the role of NPY in these processes. Finally, the overlap 

between these systems will be discussed and a framework for the effects stress can exert on feeding, 

and vice versa, will be proposed.  

 

Neuropeptide Y 

NPY was discovered in 1982 in porcine brains (Carlquist et al., 1982). This protein is the most prevalent 

peptide in the brain and has been implicated in numerous functions (Stanley et al., 1985). It consists 

of 38 amino acids and its sequence is highly conserved (Larhammar, 1996; Larhammar et al., 1993). It 

belongs to the same protein family as the Pancreatic Polypeptide (PP) and the Peptide YY (PYY), that 

are both involved in eating and feeding behaviour. All the members of the NPY protein family are 

characterised by a similar and distinct tertiary structure motif, known as the PP-fold (Nygaard et al., 

2006).  

Over time, eight different receptors for NPY have been discovered, going by the names of Y1 to Y8 

(Bromée et al., 2006). These can be further divided into the subfamilies Y1, consisting of Y1, Y4 and Y6, 

and Y2, consisting of Y2 and Y7. The Y5 receptor is considered a separate subfamily. The proposed Y3 

was later redefined as CXCR4, and therefore is no longer considered an NPY receptor (Herzog et al., 

1993). In mammals, only the receptor subtypes Y1, Y2, Y4, Y5 and Y6 are found and in humans, only 



 

receptors Y1, Y2, Y4 and Y5 are functional (Bromée et al., 2006). NPY receptors are observed throughout 

the body (e.g. in kidney, heart and colon tissue) and brain (Wahlestedt & Reis, 1993).  

All the NPY receptors are G-protein coupled receptors (Yi et al., 2018). A schematic overview of the 

intracellular signalling cascade after NPY binding is shown in Figure 1. Upon binding of NPY, these 

receptors release the G-protein complex, which will break down into two different subunits. The two 

parts are involved in a different intracellular cascade, but both can affect the gene expression. Not 

shown in the figure is that binding of NPY can modulate Ca2+ and K+ ion channels (Cabrele & Beck-

Sickinger, 2000). Via this mechanism, NPY signalling can elicit an immediate change in the 

electrophysiological properties of cells, which could for instance make neurons more prone to 

hyperpolarisation.  

 

Regulation of feeding behaviour 

The mechanisms that urge an organism to feed or to stop feeding can be split into two main networks: 

the homeostatic network and the hedonic network (Liu & Kanoski, 2018). The homeostatic network 

revolves around the regulation of the energy balance. This network alters between hunger and satiety 

to drive the body to eat or stop eating. The hedonic feeding network is intertwined with the 

dopaminergic reward system and is involved in the rewarding value of food. These networks might 

appear distinct, but they are heavily interconnected and both involved in any and all decisions about 

feeding (Liu & Kanoski, 2018). Although the hedonic feeding network is often considered to drive stress 

eating (Yau & Potenza, 2013), stress also affects the homeostatic feeding network (Maniam & Morris, 

Figure 1: Intracellular pathways of NPY signalling.  
NPY binds to the NPY receptor (top). This releases the Gα- and βγ-subunit of the coupled G-protein from the receptor. Both 
these subunits activate intracellular signalling cascades. Image taken from Yi et al., 2018.  



 

2012). NPY plays a role in both the homeostatic and hedonic feeding pathway. Below, I will discus first 

the homeostatic feeding pathway, as this pathway and the role of NPY therein have been well-studied.  

 

Input for the feeding network: Hunger and satiety signals from the periphery 

The brain relies on signals from the periphery to regulate the homeostatic drive to eat. Through these 

signals, the brain receives an indication of the homeostatic state of the body and can react accordingly 

to adjust the energy intake and expenditure. The communication between the gut and the brain, and 

therefore between the periphery and the central nervous system (CNS), can work through two 

mechanisms: 1) through the nervus vagus or 2) through circulating nutrients and hormones in the 

bloodstream, released prior, during, and after food intake.  

The nervus vagus originates in the Nucleus of the Solitary Tract (NTS) in the medulla oblongata and 

innervates a multitude of peripheral targets, such as the digestive tract (Baker & Lui, 2021). This nerve 

is in control of the parasympathetic nervous system. It contains both afferent and efferent 

connections, although the majority of these are afferent (Prechtl & Powley, 1990). These efferent 

connections mediate gastrointestinal parasympathetic responses such as the release of insulin. The 

vagal afferents contain a multitude of different mechano- and chemoreceptors (G. J. Schwartz, 2000). 

These monitor the state of the walls of the gastrointestinal tract and of the levels of nutrients and 

hunger and satiety signalling factors in the periphery. The importance of the vagus with regards to 

hunger and satiety can be shown by blocking the vagal signals to the brain. Rats exhibited longer meal 

durations after food deprivation when these signals were blocked by N-methyl-D-aspartate antagonist 

MK-801 (Treece et al., 1998). After a vagotomy, a procedure where the vagus has been surgically 

severed, rats increased their meal size but lowered the frequency of their meals (la Fleur et al., 2010). 

These opposing effects kept the daily caloric intake of these rats constant and the animals showed no 

overall weight gain. These results indicate a role of the vagus for the signalling of satiety during a 

feeding bout. Also notable is that the effect of abdominal satiety factors are abolished after a vagotomy 

(G. P. Smith et al., 1985). Intraperitoneal injection of the satiety factor cholecystokinin in the rats from 

these experiments did not alter their meal size, or even increased their meal size after their vagal nerve 

had been severed.  

More than twenty different hormones are involved in the endocrine signalling of eating, including the 

aforementioned cholecystokinin. Of these factors, only ghrelin functions as a hunger signal, with all 

other factors serving as satiety factors. However, most of these exert a paracrine effect that is then 

transmitted to the CNS by the vagus, as discussed previously. Therefore, this section will focus on 

ghrelin, insulin and leptin, as these are known to directly affect the brain. 

Ghrelin is the only gut hormone that has an orexigenic function (Bewick et al., 2009). This hormone is 

secreted by the stomach and works to communicate a negative energetic state to the brain (Mani & 

Zigman, 2017). Fasting elevates the circulating levels of ghrelin and the levels of ghrelin are inversely 

correlated with a person’s body mass index (Ariyasu et al., 2001). Insulin is secreted by beta cells in the 

pancreas and maintains the glucose balance in the blood by promoting the hydrolysis of glucagon (Loh 

et al., 2017). Furthermore, it regulates the uptake of glucose on a cellular level (Ebeling et al., 1998). 

Its levels in the blood correlate well with the amount of adipose tissue (G. J. Schwartz, 2000). The 

hormone Leptin is often implicated in the context of obesity. Mice homozygous for a leptin mutation, 

the so-called ob/ob genotype, were found to develop an obese phenotype. This hormone is secreted 

by white adipose tissue and the levels of leptin in the blood plasma correlate well with the amount of 

adipose tissue (Park & Ahima, 2015).  



 

These circulating factors can moderate multiple brain areas, both directly and indirectly. These brain 

regions and their function in feeding behaviour will be discussed next. 

 

The homeostatic feeding network  

There are two brain regions that play a major role in the homeostatic regulation of feeding behaviour: 

the brainstem and the hypothalamus. These regions are heavily connected, with connections going 

both from the hypothalamus to the hindbrain (Geerling et al., 2010) and from the hindbrain to the 

hypothalamus (Ritter et al., 2001). The hypothalamus and brainstem also share several common 

regions they project to, like the parabrachial nucleus (PBN)(Broberger et al., 1998).  

 

The brainstem 

The brainstem, or more specifically the NTS in the medulla oblongata, receives signals about hunger 

and satiety from the nervus vagus (Grill & Hayes, 2012). The NTS can relay its information to other 

brain areas or directly intercede by efferent signalling via the nervus vagus. One of the main target 

regions of the NTS is the Paraventricular Nucleus (PVN) of the hypothalamus (Bailey et al., 2006), which 

is innervated by a distinct population of NTS neurons (Hermes et al., 2006). Receptors for leptin, insulin 

and ghrelin are expressed in the NTS (Cabral et al., 2013; Pardini et al., 2006; Park & Ahima, 2015). 

These hormones can diffuse to this region through the fourth ventricle and there affect feeding 

behaviour by affecting the signalling to and from the ARC. 

 

Hypothalamus 

The other brain region, the hypothalamus, is often indicated as the central hub in energy balance (G. 

J. Schwartz, 2000). This brain structure allows for the exchange of bloodborne factors between the 

hypothalamus and the circulatory circuit (Campbell et al., 2017): The median eminence contains a 

mesh of capillaries and has blood-brain barrier free zones where this exchange can take place. This 

makes the median eminence a suitable place for signalling molecules, like hormones, to influence the 

hypothalamus, and for the hypothalamus to release signalling factors in the bloodstream. The 

hypothalamus contains several distinct nuclei, of which the most notable are the Arcuate nucleus 

(ARC), the dorso- & ventromedial hypothalamus (DMH & VMH, respectively), and the PVN, with the 

ARC located directly adjacent to the median eminence. In humans, NPY-containing neurons are 

scattered throughout the human hypothalamus, with high expression in the DMH and ARC (Dudas et 

al., 2010) 

 

Arcuate nucleus 

Within the ARC, two distinct populations of neurons can be found that are the main actors in eating 

and that have an opposing effect on feeding behaviour. The medial ARC hosts a population of neurons 

that are positive for NPY and Agouti-related protein (AgRP), while the lateral part of the ARC contains 

neurons positive for proopiomelanocortin (POMC) and cocaine and amphetamine-regulated transcript 

(CART). The role of the AgRP/NPY neurons in homeostatic feeding has been elegantly shown by (Luquet 

et al., 2005). They ablated this population of neurons by applying diphtheria toxin in mice with a 

transgenic, AgRP-dependent diphtheria toxin receptor. Adult mice would starve themselves to death 



 

after this treatment, indicating that AgRP/NPY signalling is essential for the stimulation of feeding. 

Furthermore, the intensity of AgRP/NPY cell signalling is directly linked to the food intake in mice: 

Optogenetic stimulation at varying intensity, frequency or number of neurons correlated with the food 

intake of mice (Aponte et al., 2011).  

The POMC/CART neurons release α-melanocyte-stimulating hormone, which is a product of POMC and 

has a strong anorexigenic effect (M. S. Kim et al., 2000). When the POMC/CART neurons were 

selectively ablated, mice developed obesity (Xu et al., 2005). In this paper, a slightly different approach 

is used compared to Luquet et al. (2005). The model used by Xu et al. depends on the deletion of 

mitochondrial transcription factor A (Tfam) by a tissue specific Cre-recombinase. When this gene is 

removed, the cell will survive for four to five months. However, when the mitochondrial gene products 

are depleted, the cell dies. This process results in a more gradual cell death, which also results in a 

dampened phenotype, as could be seen when they applied this same method to AgRP neurons. The 

mice in this group showed a non-significant lower body weight than the controls, which stands out to 

the extreme hypophagic phenotype that Luquet et al. found. A possible explanation could be that the 

method of neuronal ablation used by Xu et al. allows the brain to compensate for this loss by 

potentiation of the remaining neurons, while this is not possible when the ablation occurs suddenly, 

as in the research by Luquet et al. 

Both cell populations in the ARC mainly project to the PVH. Here, the POMC/CART neurons activate 

melanocortin receptors, thereby inhibiting feeding, while the NPY/AgRP neurons inhibit several 

subpopulations of cells through the release of GABA and NPY, driving food intake (Engström Ruud et 

al., 2020; Shi et al., 2013). These AgRP/NPY cells also inhibit the POMC/CART neurons in the ARC 

through similar NPY and GABA release. The activity of both these populations can be influenced by 

peripheric factors, both directly and indirectly. Ghrelin receptors are found in the ARC that can, upon 

activation, increase the NPY mRNA levels in this brain area (Kamegai et al., 2001). Leptin, on the other 

hand, can depolarise the POMC/CART neurons whilst also inhibiting AgRP/NPY neurons by 

hyperpolarising the somata and preventing the release from NPY/GABA terminals (Cowley et al., 2001; 

Elias et al., 1999). Insulin has an inhibitory effect on NPY expression (Loh et al., 2017) and 

hyperpolarises these neurons (Williams et al., 2010). However, insulin also hyperpolarises a subset of 

POMC-expressing cells (Williams et al., 2010).  

Within the ARC, Y1 is found on POMC/CART neurons, but not on AgRP/NPY neurons, while Y2 is 

primarily found on AgRP/NPY neurons, but not on POMC/CART neurons (Broberger et al., 1997). Y1 and 

Y5 have an orexigenic effect when activated, while Y2 has the opposite effect. A possible explanation 

for this is that Y1 and Y5 are only found post-synaptically, while Y2 can be located pre-synaptically. This 

can lead to an autoinhibitory feedback loop: NPY released by a neuron will bind on Y2 receptors located 

on the synapse of this same neuron to inhibit the release of more NPY (King et al., 2000). The Y 

receptors can also be activated by PYY, which can therefore inhibit the NPY/AgRP neurons (le Roux & 

Bloom, 2005). 

 

Dorsomedial Hypothalamus:  

This hypothalamic nucleus has been known as regulator of energy expenditure and intake since the 

sixties. Ablation of this region resulted in hypophagia (Bellinger & Bernardis, 2002; Bernardis et al., 

1963), whereas stimulation of the DMH was followed by thermogenesis and an increase in the body 

temperature (DiMicco & Zaretsky, 2007; Morrison & Nakamura, 2011).  



 

The overexpression of NPY in this region resulted in a hyperphagic and obese phenotype in rats(Bi et 

al., 2012), while knockdown of this neuropeptide prevented this phenotype (Chao et al., 2011; Yang et 

al., 2009). Furthermore, knockdown of NPY in the DMH also returned food intake, insulin sensitivity 

and glucose tolerance in obese rat models to normal (Y. J. Kim & Bi, 2016), indicating a role of NPY in 

DMH-mediated feeding. NPY expressing neurons do not express leptin receptors and are therefore not 

responsive to this satiety factor. However, these cells do express CCK-receptors and can be inhibited 

by CCKs (Bi et al., 2001, 2004). It is likely that the cells are responsive to other satiety factors as well, 

although it has not been experimentally established what factors that could be.  

The cells in the DMH are inhibited by ARC-POMC-GABA neurons (Trotta et al., 2020). A majority of the 

efferent DMH projections lead to the PVN. Other cell types in the DMH project to the NTS and the 

dorsal motor nucleus of the vagus (DMV), through which this area can suppress the sympathetic 

nervous system and modulate peripheral satiety signals (Yang et al., 2009), However, it is not yet clear 

whether this modulation of the vagus is directly NPY dependent, as one study found no efferent NPY 

projections from the DMH to brainstem (Lee et al., 2013). 

 

Periventricular nucleus 

The PVN acts as a relay between the brainstem and the hypothalamus and is a target region for both 

the ARC and DMH (Trotta et al., 2020). Lesions in this area result in hyperphagia and increased body 

weight (Leibowitz et al., 1981). Increases in the levels of NPY, noradrenalin and AGRP in this region also 

results in more food consumption (de Backer et al., 2011; Taylor et al., 2007), indicating a modulatory 

role of these factors in the PVN for feeding behaviour. This effect might be influenced by the day/night 

cycle, as the orexigenic effect of NPY in this region only present during the early light phase and not 

during the late light phase (van Dijk & Strubbe, 2003). After sustained overexpression of NPY in the 

PVN, the food intake first increases but returns to a level similar to control animals after approximately 

40 days (Tiesjema et al., 2007). The increase in food intake is driven by a higher meal frequency in the 

test animals, while the meal size remained constant under these conditions. A possible explanation for 

the return of food intake to baseline over time is Y5 receptor mediated insulin resistance in adipose 

tissue (Long et al., 2015, p. 20).  

 

The hedonic feeding network  

Food intake and reward are intricately linked. This overlap is integrated in the hedonic feeding 

network. The reward circuitry revolves around the neurotransmitter dopamine (DA), usually stemming 

from the ventral tegmental area (VTA). The main dopaminergic pathways that starts in the VTA are the 

mesolimbic and mesocortical dopamine pathways. The first connects the VTA to multiple regions in 

the limbic system, most notably the Nucleus accumbens (NAc) and the amygdala. The mesocortical 

pathway leads from the VTA to the frontal cortex. In the next section, I will focus on the role of NPY in 

different parts of the mesolimbic dopamine pathway within the in the context of hedonic feeding.  

 

Ventral tegmental area 

The VTA consists of heterogenous cells that receive input from and project to a multitude of brain 

regions (Morales & Margolis, 2017). The most notable efferent pathways of the VTA are the 

mesolimbic and mesocortical dopamine pathways, but also the ARC and PVH, among others, are 



 

innervated by VTA neurons. The VTA has been implicated in the hedonic aspects of feeding. It contains 

receptors for ghrelin and leptin, which can moderate the firing rate of the dopaminergic cells in the 

VTA (West & Roseberry, 2017) Activation of the ghrelin receptor increases the firing rate, resulting in 

a higher motivation for palatable food and an increased food intake, whereas the activation of the 

leptin receptor inhibits firing of VTA cells.  

The cells in the VTA are also sensitive to NPY, as injection of this neuropeptide into this region increased 

the motivation for food, although the food intake itself remained unchanged (Pandit et al., 2014). This 

motivational effect is dopamine dependent, as it does not occur in the presence of a dopamine 

antagonist. NPY elicits modifications both pre- and postsynaptically when injected into the VTA (West 

& Roseberry, 2017), by lowering the membrane potential or decreasing glutamatergic and GABAergic 

transmission. These effects hint at the involvement of both the Y1 and the Y2 receptor. NPY is not 

synthesised in the VTA, but stems from afferent connections from the ARC and the ventrolateral 

medulla of the brainstem (Gumbs et al., 2019).  

 

Nucleus accumbens 

The Nucleus accumbens (NAc) is the target for the dopaminergic connections from the VTA in the 

reward pathway and an important region for appetitive behaviour (Tanaka et al., 2021). Eating 

palatable food increases the levels of extracellular DA and this effect is increased by food deprivation 

(Sørensen et al., 2012), which is in line with the activation of the ghrelin receptor in the VTA. Infusions 

of glutamate receptor antagonists in the shell of the Nac increased food intake in a dose-dependent 

manner (Maldonado-Irizarry et al., 1995), whereas activation of these receptors suppressed feeding 

(Stratford et al., 1998). Likewise, infusion of NPY into the NAc increases the motivation for food, similar 

to VTA infusions, while also increasing the food intake (Pandit et al., 2014). The increase in food intake 

is likely Y1 and Y5 receptor mediated, as antagonists of these receptors were able to inhibit the 

increase in food intake (Stratford & Wirtshafter, 2004). Furthermore, infusions of NPY into the shell of 

the NAc increases extracellular DA (Sørensen et al., 2009) and specifically increases fat intake through 

Y1-mediated inhibition of cell activity in the Nac (van den Heuvel et al., 2015). This indicates a role for 

the NAc in food preference. The NAc is innervated by local interneurons and by projections from the 

ARC (Gumbs et al., 2019). These ARC-neurons project NPY into the NAc, which drives the intake of 

palatable food (Tanaka et al., 2021).  

 

Extended amygdala 

The amygdala plays an integral role in fear processing and emotional memory. This structure consists 

of 13 nuclei, which can be roughly divided into the basolateral amygdala (BLA), the centromedial 

amygdala (CeA) and the cortical subgroup (J. E. Kim et al., 2012). The BLA integrates the information 

of fear stimuli, like auditory and visual inputs, and projects the integrated information to the CeA, 

which acts as the main output node of the amygdala. The central nucleus of the amygdala and the bed 

nucleus of the stria terminalis (BNST) are often referred to as the central extended amygdala. This 

region contains a relatively high density of Y2 receptors (Wood et al., 2016). However, these receptors 

were not present on cells expressing NPY themselves. Activation of these receptors inhibited both 

glutamatergic and GABAergic transmission, while removal of NPY or Y2 resulted in increased GABA 

signalling. In line with these results, the addition of NPY in the amygdala increased cell activity in the 

CeA (Pomonis et al., 1997). 



 

The central nucleus of the amygdala is likely involved in the inhibitory control of food intake, as lesions 

of this area result in increased feeding and body weight gain (Hajnal et al., 1992). The precise 

mechanisms through which the amygdala alters feeding under homeostatic conditions have not yet 

been elucidated, although a recent paper shows a role for NPY in the CeA in the development of obesity 

(Ip et al., 2019). Furthermore, a recent MRI-study links central amygdala thickness with obesity and 

dietary self-control (M. S. Kim et al., 2020), implying a role of the amygdala in the preference for 

palatable food over healthy food. Outputs from the amygdala are also known to override satiety, 

possibly by the involvement or modulation of NPY (Petrovich et al., 2002).  

 

Lateral hypothalamus 

The LH receives projections from the PBN, NAc, BNST and frontal cortex (Jennings et al., 2013). This 

region itself projects to multiple other brain regions, including the PBN and NST (Wu et al., 2015). 

Ablation of the LH resulted in decreased food intake (Bernardis & Bellinger, 1996), whereas electrical 

stimulation of the LH results in ravenous eating behaviour and increased motivation for food (Stuber 

& Wise, 2016). These cells respond to NPY, as infusion of this neuropeptide results in increased food 

intake (Gumbs et al., 2020; Pandit et al., 2014), although the motivation for food remains unaffected 

by NPY (Pandit et al., 2014). Sustained NPY overexpression in the LH raises the daily food intake 

(Tiesjema et al., 2007). This effect attenuates over time, but remains above baseline and control 

measures. Although the meal frequency remains constant, the average meal size of these animals is 

increased and therefore the driving force behind the increased food intake. This is likely mediated by 

the Y1 and Y5 receptors, as the increase was attenuated by selective Y1 and Y5 antagonists (Gumbs et 

al., 2020). Diet induced obesity disrupts this network, as Y1 inhibition is no longer sufficient to prevent 

increased food intake in rats on a free-choice high-fat high-sucrose diet. Notable is that the effects on 

food intake in this research only apply to chow. The researchers also provided the animals with fat and 

sucrose solution, but there was no significant change in the intake of these food types. The LH is 

responsive to palatable and aversive stimuli (J. X. Li et al., 2013), with the neurons involved with reward 

located caudally and neurons in the rostral portion biased towards aversive stimuli. It is likely that the 

LH is, at least partly, responsible for the encoding of palatability (J. X. Li et al., 2013).  

Figure 2: Schematic overview of the 
feeding network. The two distinct 
populations in the ARC project to the 
PBN and drive feeding behaviour. They 
are modulated by blood borne factors 
like leptin, ghrelin and insulin, and by 
multiple other brain regions. Arc: 
Arcuate nucleus; CeA: Centromedial 
amygdala; DMH: Dorsomedial 
hypothalamus; NAc: Nucleus 
accumbens; LH: Lateral hypothalamus; 
NTS: Nucleus of the solitary tract; PBN: 
Parabranchial nucleus; VTA: Ventral 
tegmental area. 



 

 

This section investigated the mechanisms of feeding behaviour, looking at the hedonic and 

homeostatic network. Although the homeostatic and hedonic feeding network have been described 

separately, it is important to note that these networks are heavily intertwined and reliant on each 

other (Rossi & Stuber, 2018). Some brain areas, like the LH, serve hedonic as well as homeostatic 

functions, so no clear distinction can be made between the two networks (Liu & Kanoski, 2018). 

Furthermore, it is possible to expand upon the described model with other brain areas. However, this 

would be beyond the scope of this thesis, as I focused on NPY signalling. The NPY peptide was 

discovered to have a strong orexigenic effect when injected into the brains of rats, most notably in 

areas of the hypothalamus (Stanley et al., 1985). Within the ARC in the hypothalamus, two distinct and 

antagonistic cell populations play an integral role in feeding: the POMC/CART neurons and the 

NPY/AgRP neurons. Activation of the latter leads to increased food intake, while removal of this neuron 

population resulted in the ablation of feeding behaviour, causing rats to starve themselves. The ARC 

projects to and is moderated by multiple brain regions that are involved in homeostatic and hedonic 

regulation of food intake, forming a complex and intertwined network.  

 

NPY and stress 

Like feeding behaviour, the stress response is regulated by a complex and adaptive network that 

involves multiple brain regions and hormones. NPY is also involved in this network, as it was discovered 

that NPY knockout mice increases stress-related behaviours (Bannon et al., 2000), whereas 

overexpression results in a decrease (Erickson et al., 1996). Multiple studies have investigated the 

effects of stress on central NPY levels (Lin et al., 2015; Melhorn et al., 2010). Central NPY levels are 

highly dependent on the type of stress that is used in the experiments and the brain region that is 

being measured; see (Reichmann & Holzer, 2016) for a table of different types of stress and their effect 

on NPY expression.  

Furthermore, the NPY protein exerts an anxiolytic effect on rats when it was injected into the brain 

(Heilig et al., 1989). This anxiolytic effect is mostly visible when NPY has been increased in the amygdala 

or hippocampus (Bannon et al., 2000; Lin et al., 2010). Most, although not all, of the anxiolytic effects 

of NPY can be ascribed to the activation of the Y1 receptor (Lach & de Lima, 2013). On the other hand, 

activation of the Y2 receptor can have an anxiogenic effect (Sajdyk et al., 2002). However, there are 

some brain regions where Y2 activation leads to a decrease in anxious behaviours (Kask et al., 1998). 

In the following section, I will go over the different brain areas involved in the stress response and how 

NPY can influence these. 

 

Hypothalamus 

The hypothalamus is the main player in the chronic stress response as instigator of Hypothalamus-

Pituitary-Adrenal (HPA)-axis (S. M. Smith & Vale, 2006). Upon activation as by a stressor, the PVN in 

the hypothalamus releases corticotropin-releasing hormone (CRH, also known as corticotropin-

releasing factor, CRF) and vasopressin into hypophysial portal vessels. These vessels connect to the 

anterior pituitary gland, where adrenocorticotropic hormone (ACTH) is released into the bloodstream 

when stimulated by CRH. Although vasopressin cannot activate these cells directly like CRH, it can 

potentiate the cells to the activating effect of CRH (Rivier & Vale, 1983). ACTH in turn can evoke the 



 

release of glucocorticoids from the cortex of the adrenal glands, located above the kidneys. A 

schematic overview of the effects and components of this response can be found in Figure 2. 

Glucocorticoids can activate mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs) that 

are expressed ubiquitously throughout the body and brain (De Kloet et al., 1998). These receptors are 

primarily localised in the cytosol as part of a large protein complex (Bamberger et al., 1996). When a 

ligand binds to a GR or MR, the receptor is released from the complex and transported to the nucleus 

of the cell. Here, it can bind directly to the DNA in so called mineralocorticoid or glucocorticoid 

response elements and thereby alter the gene expression of these cells. The MR, also referred to as 

the type I glucocorticoid receptor, has an affinity for glucocorticoids that is approximately ten times 

higher than the affinity of the GR, or type II glucocorticoid receptor (De Kloet et al., 1998). This means 

that MRs are already activated at low levels of glucocorticoids, while GRs are only activated at higher 

levels of glucocorticoids, which allows for two different signalling pathways, depending on the 

concentration of glucocorticoids. The type II receptors are the main force of feedback in the HPA-axis. 

Circulating glucocorticoids will activate these receptors in CRH releasing neurons in the PVN and ACTH 

releasing neurons in the pituitary gland, inhibiting their release and dampening the stress response 

(Dallman et al., 1992). This negative feedback allows for the regulation of the HPA-axis and eventual 

termination of the stress response.  

Some trends can be observed concerning the effects of stress on the levels of NPY in the hypothalamus. 

In this region, acute stress leads to an increase in the levels of NPY mRNA (Reichmann et al., 2015), 

notably also within the ARC (Sweerts et al., 2001). However, the effect of chronic stress on the levels 

of NPY within the hypothalamus has not been conclusively proven, as these levels are found to be 

either increased (McDougall et al., 2005) or unchanged by the stress response (Reichman et al., 2015).  

Although stress can have an effect on NPY, this protein can in itself also get engaged in or even activate 

the stress response. Injections of NPY in the PVN of rats resulted in an activation of the HPA-axis, as 

could be seen by an increase in the levels of corticosterone and ACTH (Wahlestedt et al., 1987). It is 

likely that NPY affects CRH releasing neurons, as the levels of CRH increase in a dose-dependent 

manner after the injection of increasing doses of NPY (Suda et al., 1993). This occurs through CRH 

releasing neurons in the PVN, that are directly mediated by NPY through the Y1 receptor present on 

Figure 3: Schematic overview of the HPA axis 
and related effects of stress. 
Stress activates the release of CRH and AVP from 
the PVN, hereby activating the HPA-axis. These 
activate the Anterior Pituitary, which in turn 
releases ACTH. ACTH in turn activates the adrenal 
cortex, which releases Cort. Cort has variable 
effects throughout the body and brain. It also 
inhibits the PVN and anterior pituitary, thereby 
creating a negative feedback loop. 
ACTH: Adrenocorticotropic hormone; AVP: 
Vasopressin; CRH: Corticotropin releasing 
hormone; Cort: Cortisol or corticosterone; PVN: 
Paraventricular nucleus. 
 Image taken from Kolber et al., 2008. 



 

these cells (Dimitrov et al., 2007), although other studies suggest the involvement of a different Y-

receptor (C. Li et al., 2000). It is also possible that this effect occurs independently, by an inhibitory 

intermediate cell, as the NPY/AgRP projections are predominantly inhibitory in nature (Comeras et al., 

2019). 

 

The brainstem 

The brainstem is mainly involved in and a key player of the acute stress response. The main effectors 

for this response are the hormones adrenalin and noradrenalin (also known as epinephrine and 

norepinephrine, respectively), which are released through the sympathetic-adrenal medullary (SAM)-

axis (Turner et al., 2012). This system has two separate pathways that both start in the brainstem. 

When the brainstem stimulates preganglionic neurons, a subset will activate postganglionic neurons, 

that in turn will release noradrenaline in their target tissue. A different subset of preganglionic neurons 

will project directly to the adrenal medulla. This structure will release adrenalin and noradrenalin in 

the blood stream when excited through acetylcholine secreted by these preganglionic projections 

(Turner et al., 2012). These hormones have effects throughout the body, preparing for a possible 

exertion, for instance by increasing the heart rate and respiratory rate. Overall, activation of the SAM-

axis leads to an immediate and transient response to stress. 

On the other hand, certain nuclei in the brainstem also play a part in the modulation of the chronic 

stress response. The NTS innervates the CRF neurons in the hypothalamus (Herman, 2011). These 

neurons release noradrenalin into the PVN, which stimulates the release of CRF at the start of the HPA-

axis. The locus coeruleus (LC) is located in the hindbrain and contains noradrenalinergic projecting 

cells. This noradrenalin signalling could be inhibited by NPY in zebrafish, hypothesised to be part of the 

wake/sleep cycle (Singh et al., 2017). It is important to note that the NPY mRNA expression in the LC 

occurs in a circadian dependent pattern (Cedernaes et al., 2019), hinting at an interaction with the 

cortisol network as this factor also follows a diurnal pattern as part of the sleep/wake cycle. The 

corticosterone of the chronic stress response increases the plasma levels of NPY and noradrenalin 

when infused into the dorsal hindbrain (Daubert et al., 2014). Higher levels of noradrenalin can, in 

turn, affect food intake by increasing activity of NPY/AgRP neurons and decreasing the activity of 

POMC neurons in the ARC (Paeger et al., 2017). 

 

Amygdala 

The amygdala is involved in fear processing and is therefore intricately connected with the stress 

network. GABAergic from this structure can activate the HPA-axis and modulate the central response 

to stress (Martijena et al., 2002). The anxiolytic properties of NPY were discovered when it was injected 

into the amygdala (Heilig et al., 1989). Furthermore, NPY levels in the amygdala were downregulated 

in animals that were severely affected by trauma, whereas post-trauma treatment with a central 

injection of NPY significantly reduced stress behaviour in these animals (H. Cohen et al., 2012). Further 

investigation revealed that the Y1 and Y5 receptors were the driving force behind the anxiolytic effect 

of NPY, whereas the Y2 receptor was responsible for an anxiogenic phenotype (Sajdyk et al., 2002). 

The afferent and efferent projections of the CEA can be modulated by distinct neuronal populations 

through Y2 mediated signalling (Wood et al., 2016).  

The anxiolytic effect of amygdalar NPY-injections appears to be subregion-specific, as this effect was 

present when NPY was injected into the CeA and BLA, but absent when NPY was injected into the MeA 



 

(Kornhuber & Zoicas, 2021). Furthermore, the CeA injection also resulted in reduced expression of 

social fear in the animals, whereas this effect was not observed when NPY was injected into the BLA 

or MeA. The different regions of the amygdala are modulated by connections from the prefrontal 

cortex (McGuire et al., 2011). Many of these connections exhibit an inhibiting function of amygdalar 

cells and express Y2 receptors at their synapses. Activation of the Y2 receptor by NPY can therefore 

inhibit this inhibition and result in increased excitation of neurons in the amygdala.   

 

Nucleus accumbens 

The NAc has one of the highest NPY mRNA concentrations in the human brain (Adrian et al., 1983; 

Morris, 1989). NPY-immunoreactive fibres form a complex, heterogeneous distribution in the NAc (de 

Quidt & Emson, 1986), whereas cell bodies containing the NPY protein can be found in both the shell 

and core of the NAc (Aoki et al., 2016). NPY expression colocalises with somatostatin in interneurons 

(Beal et al., 1987; Kawaguchi et al., 1995). These NPY expressing cells are under the control of 

dopaminergic connections, as fewer NPY-expressing neurons are found when these connections were 

lesioned (Salin et al., 1990). The NPY expressing cells in the NAc almost exclusively project to the lateral 

hypothalamus (LH) and receive projections from the midline thalamic nuclei and the basomedial 

amygdala (Yamada et al., 2021). The expression of NPY protein is decreased in a mouse model for 

anxiety (Aoki et al., 2016), whereas overexpression of NPY in the NAc has an anxiolytic effect (Yamada 

et al., 2020). Complete removal of NPY neurons in this region by selective ablation increases anxiety-

like behaviour, indicating an anxiolytic role of NPY neurons in the NAc. 

 

In this section, the stress response was explored, with a focus on the role of NPY. Stress has a variable 

effect on the levels of NPY expression in the hypothalamus, while NPY itself can also exert an anxiolytic 

response. Overall, NPY appear to have a modulatory role of the stress response in several brain areas. 

Many of these brain areas overlap with the network of feeding behaviour. Therefore, the next section 

will analyse this overlap and place it within the context of stress eating and obesity.  

 

Stress eating: the overlap in stress and feeding  

Stress is a known risk factor for obesity (Sinha & Jastreboff, 2013), with stress eating as one of the 

factors that can play a role in this pathology. Acute stress represses food intake, whereas chronic stress 

tends to promote food intake and a preference for palatable food (Ans et al., 2018; Sominsky & 

Spencer, 2014). The stress induced accelerated obesity, as seen in the research by Ip et al. can also be 

observed in humans; Chronic stress increases vulnerability to obesity/fat increase when on a high-

palatable diet (Aschbacher et al., 2014). These subjects also showed increased levels of peripheral NPY 

compared to a non-stressed control group. A peripheric injection of CRH in humans increases food 

intake in direct correlation with their cortisol response (George et al., 2010) and chronic glucocorticoid 

administration increases ad libitum food intake (Tataranni et al., 1996). Furthermore, chronic stress is 

an indicator for weight gain (Mason et al., 2018).  

The effect of stress on NPY is highly variable and dependent on the type of stress, although even similar 

stress paradigms can result in different effects on NPY (Reichmann & Holzer, 2016). This variable effect 

of stress is also visible when looking at the effect of stress on body weight and feeding behaviour (see 

(Hardaway et al., 2015) for a table summarising the effects of multiple stress paradigms on food intake 

and body weight). Stress eating can stem from the intertwining of the stress network with the feeding 



 

network, which occurs at multiple locations. Below, I will delve deeper into the most important areas 

of overlap and focus on the role of NPY in these areas within the context of stress eating. This 

framework will then be expanded by other NPY-dependent mechanisms that can drive stress eating 

and obesity, but are not restricted to a single brain area. 

 

Hypothalamus 

In models for obesity, the HPA-axis was dysregulated (Werdermann et al., 2020). This was 

accompanied by a change in expression of NPY and AgRP in the hypothalamus. CRH released through 

activation of the HPA-axis inhibits the NPY/AgRP neurons in the ARC (Sominsky & Spencer, 2014), 

resulting in the acute stress-mediated decrease in food intake. The glucocorticoids released at the end 

of the HPA-axis interact with the NPY/AgRP neurons in the ARC as well, although these factors have a 

stimulatory effect (Savontaus et al., 2002). This increase in NPY/AgRP cell activity is a driving effect 

behind chronic stress-induced feeding. The increase in food intake is likely Y1 receptor mediated, as 

the effect was not present when this receptor was inhibited (Goebel-Stengel et al., 2014).  

It must be noted that there is a large variety in the effects of stress on feeding in animal model 

research. The connection between NPY and stress eating is equally variable. Table 1 shows an overview 

of research that investigated stress, feeding and hypothalamic NPY. Several of these studies report 

increased food intake (Goebel-Stengel et al., 2014; Melhorn et al., 2010), while others reported 

decreased feeding after stress (Chigr et al., 2014; S.-X. Wang et al., 2012) or no effect of stress on food 

intake (Lin et al., 2015). However, when considering the research in this table, there appears to be 

some correlation between the direction of change in NPY and the effect of stress on food intake: 

Decreased food intake was linked to a decrease in NPY mRNA (S.-X. Wang et al., 2012) or number of  

NPY-expressing cells (S. Wang et al., 2013) after stress, whereas the complete removal of NPY 

exacerbates this effect (Forbes et al., 2012). On the other hand, social stress lead to an increase in NPY 

expression and an increase in feeding behaviour, although this effect was only significant in submissive 

males (Melhorn et al., 2010). These males also showed a 3- to 4-fold increase in corticosterone as 

response to the stress. A similar effect was found to be attenuated by the application of a Y1 antagonist 

(Goebel-Stengel et al., 2014). A likely explanation for this variation in results is the type of stressor that 

is used, as stress responses can be distinctly different dependent on the type of stressor. Overall, these 

results indicate an adaptive stress response that can mediate feeding through hypothalamic NPY. 

The effect of hypothalamic NPY in stress eating might persist long after the stressor has subsided. NPY 

mRNA was upregulated for up to 48 hours after stress in the dorso-vagal complex (DVC, a group of 

brain stem nuclei including the NTS and DMV) and up to 72 hours after stress in the hypothalamus, 

while acute stress lead to a decrease in food intake that had returned to baselevel at 72 hours after 

stress (Chigr et al., 2014). Although the stress does not elicit an initial NPY response, the NPY mRNA 

expression does steadily increase until at least 72 hours after stress. Therefore, this NPY response 

might be the driving force behind the food intake returning to baseline.  

There was no clear difference between acute and chronic stress in the presented articles, although 

overexpression of CRH decreased food intake (L. Wang et al., 2017), reminiscent of the initiation of the 

stress response. The mechanism behind the differential effect of acute and chronic stress might rely 

on the activation of distinct glucocorticoid receptors. Type II glucocorticoid receptors have a relatively 

low affinity for glucocorticoids, so they are only activated by high concentrations of these hormones, 

which occur after activation of the HPA-axis. Activation of the type II glucocorticoid receptors on NPY-

producing neurons has a stimulating effect on the release of NPY, whereas blocking of this receptor 

attenuates the increased food intake after NPY injection into the PVN (Tempel & Leibowitz, 1993). This 



 

effect was not found when the type I glucocorticoid receptors were blocked. Glucocorticoids inhibit 

the previous steps of the HPA-axis, including the release of CRH (Kolber et al., 2008). The dynamics of 

CRH and glucocorticoids therefore follow the changes in appetite during stress, with an initial drop in 

food intake by the initiating peak in CRH release, which is gradually suppressed by the increasing 

concentration of glucocorticoids, resulting in an increase in food intake through both the stimulatory 

effect of the glucocorticoids and removal of the inhibitory CRH. 

 

Amygdala 

The amygdala is a player in the stress response as fear centre. Further results suggest a controlling role 

of the amygdala in hedonic food intake as well. This area has therefore been investigated in the context 

of stress eating (Hu et al., 2016; Martín-Pérez et al., 2020). A recent paper by (Ip et al., 2019) elucidated 

on a circuit that drives accelerated obesity as response to stress. Weight gain can be accelerated by 

stress, resulting mostly in an increase in visceral adipose tissue. This process is NPY-dependent, as NPY-

knock out mice do not show this accelerated weight gain. The circuit relies on a population of NPY-

expressing neurons in the central amygdala. A selective knockout of NPY in this region was enough to 

attenuate the accelerated weight gain under stress. On the other hand, overexpression of NPY in this 

region was enough to accelerate obesity. These NPY neurons project to the ARC and likely onto NPY-

expressing neurons in this region. 

There is also evidence that hunger and satiety can influence stress. Most notable is that hunger appears 

to suppress fear and anxiety (Comeras et al., 2019). Hunger increases NPY/AgRP cell activity in the ARC. 

These cells project to the amygdala, among other regions, where they have an inhibitory effect on 

signalling. This hunger driven reduced stress could be beneficial for an organism; high stress  can 

prevent exploration, so lower stress encourages active foraging for food, thereby increasing its chances 

for survival.  

 

The brainstem 

Structures in the brainstem can modulate the stress response and indirectly influence stress eating via 

that route. Noradrenalinergic connections from the NTS innervate the CRF neurons in the PVN 

(Herman, 2011). These connections stimulate the release of CRF at the start of the HPA-axis and can 

therefore induce the CRF-mediated inhibition of feeding, as discussed in the previous section on the 

hypothalamus. These conditions are reminiscent of the acute stress response, as CRF levels are high 

and not yet inhibited by glucocorticoids. This indirect inhibition of the NPY/AgRP neurons in the ARC 

could partly explain the decreased appetite during acute stress. 

On the other hand, the corticosterone of the chronic stress response increases the plasma levels of 

NPY and noradrenalin when infused into the dorsal hindbrain (Daubert et al., 2014). Higher levels of 

noradrenalin can, in turn, affect food intake by increasing activity of NPY/AgRP neurons and decreasing 

the activity of POMC neurons in the ARC (Paeger et al., 2017).  

 

Insulin resistance 

Insulin can modulate NPY signalling (Cowley et al., 2001; Williams et al., 2010). Within the brain, insulin 

receptors are highly expressed in the ARC. Selective deletion of these receptors increases the 

expression of NPY and AgRP, but not of POMC (Obici et al., 2002). In line with this, injection of insulin 



 

in the third ventricle reduced NPY expression (M. W. Schwartz et al., 1991), although this effect could 

not be replicated in obese rats. This is due to insulin resistance (Ono, 2019). When cells are exposed 

to high levels of insulin for longer periods of time, the cells become less sensitive to this hormone. This 

often occurs in obese individuals, as insulin levels are correlated with body fat (G. J. Schwartz, 2000). 

Insulin resistance is mediated by NPY in NPY/AgRP neurons, as NPY deficient mice were protected 

against this phenomenon (Engström Ruud et al., 2020). When NPY was selectively reintroduced into 

AgRP cells, the protection against insulin resistance in these animals was reversed. 

Insulin is released during the stress response. In acute stress, this insulin inhibits the NPY/AgRP neuron 

population in the ARC, inhibiting feeding. However, under chronic stress, insulin resistance will occur, 

driven by glucocorticoids (Qi & Rodrigues, 2007). The levels of NPY mRNA in the ARC inversely correlate 

with the levels of insulin after acute and repeated immobilisation stress (Makino et al., 2000). In this 

situation, NPY/AgRP neurons in the ARC can no longer be inhibited by insulin, resulting in an increased 

NPY release into the PVN, which in turn can lead to more feeding behaviour. Furthermore, the NPY 

neurons in the amygdala are inhibited by insulin. Insulin resistance following stress can disinhibit these 

neurons, leading to a further increase in feeding behaviour and accelerated weight gain (Ip et al., 

2019).  

 

NPY and food preference 

Another way how NPY can drive the development of obesity under stress is by shifting food preference 

towards palatable and energy-rich food. Injections of NPY increases not just the total food intake, but 

also the composition of the menu, although this food preference is brain-region dependent (Baird et 

al., 2008); NPY regulates food preference for carbohydrates through the activation of the Y1 receptor 

in the NAc (van den Heuvel et al., 2015) and the PVN (Tempel & Leibowitz, 1993). Preference for chow 

is regulated in the LH, which is also dependent on NPY (Gumbs et al., 2020). Furthermore, the central 

nucleus of the amygdala can modify the preference for palatable food, although it is still unclear 

whether this effect is NPY-dependent (M. S. Kim et al., 2020). 

Stress generates a preference for comfort foods over healthy foods (Dallman, 2010; Oliver et al., 2000), 

likely involving NPY signalling. This can happen directly (e.g. through a GC-induced release of NPY in 

the PVN), or indirectly (e.g. when Nac Y1 receptors are activated). The calorie-rich food can provide 

energy quickly during an acute fight-or-flight situation, or can be used to replenish energy reserves 

after such an exertion. However, under chronic stress conditions, this preference for comfort food can 

become maladaptive (Dallman et al., 2005), especially in our current society where food is no longer a 

scarce commodity. This preference for palatable food exacerbates the problem of stress eating and 

speed up stress-induced obesity.  

 

The stress eating network 

The stress eating network occurs at the overlap of the feeding network and the stress network, with a 

key role for NPY signalling. Several of the main centres of this network have been discussed above, 

although I do not mean to imply that the proposed framework is complete, as there are other brain 

areas that are involved in both the stress response and in feeding behaviour. For these brain regions, 

like the NAc, the role of NPY on stress eating has not been excessively studied in these areas, and 

therefore they have not yet been included in this model. It is important to note that the network is 

heavily interconnected and therefore the described effects will not occur independently, but can be 



 

influenced by each other. This implies that the eventual outcome (i.e. whether or not to eat) usually 

cannot be attributed to a single event, but is determined by all the different modulatory influences on 

the NPY/AgRP neurons in the ARC.  

Understanding this network can help find new treatments for stress-induced obesity. The integration 

of rewarding and homeostatic processes, as well as most of the stress response, occur primarily 

outside awareness (Berthoud et al., 2017), underlining the difficulty of a completely will-based 

treatment of obesity. New anti-obesity treatments could focus on regulating stress and feeding 

networks, with a special focus on the inhibition of NPY, thereby supressing its orexigenic effects and 

reducing the shifted food preference. 

 

NPY in stress resilience, post-traumatic stress disorder, and eating disorders 

The network of stress eating might be subjected to plastic modulation mechanisms that can lead to 

(mal-)adaptive responses to stress. The study by Sweerts et al. (2001) showed that the stress from a 

daily 60-minute restraint paradigm elicits a peak in NPY mRNA in the ARC on the first day of stress. This 

peak is decreased on the third consecutive day of stress. On the tenth day of stress, the levels of NPY 

mRNA in the ARC have returned to baseline. However, they could not recreate this effect in a rat model 

for hypertension, as those animals did not show an initial NPY-increase but a sustained increase over 

a longer time frame. The differences between these strains indicate a potential role of NPY in stress 

resilience. The BLA plays a key role in stress resilience (Silveira Villarroel et al., 2018); NPY signalling in 

the BLA hyperpolarises BLA neurons, inhibiting the fear response they encode, and therefore 

preventing a stress-reaction. This effect is mediated by the Y5 receptor, as injection of NPY or a Y5 

agonist resulted in an increase in non-stressed behaviour, while a Y5 antagonist was able to prevented 

this increase (Michaelson et al., 2020). These effects of NPY are counteracted by CRH.  

The role of NPY in stress resilience has often been investigated in the context of post-traumatic stress 

disorder (PTSD), an acquired mental condition induced by a traumatic experience (American 

Psychiatric Association, 2013). Not all traumatic experiences lead to PTSD, but the chance of acquiring 

this disorder seem to be dependent on the stress resilience of an individual (S. Cohen et al., 2015). It 

was found that the NPY levels in the cerebrospinal fluid of soldiers with PTSD were lower than those 

of controls (Sah et al., 2014). Therefore, NPY has gained interest as a potential treatment for PTSD, due 

to its anxiolytic function. Treatment of an animal PTSD model with NPY during or after the trauma 

seems to increase the chance of a full recovery and reduced anxiety (Sah et al., 2014).  

PTSD and eating disorders share a large comorbidity (Vanzhula et al., 2019) and patients suffering from 

PTSD have a predisposition towards obesity (Masodkar et al., 2016). Furthermore, the vast majority of 

eating disorder patients report some form of trauma in their past (Mitchell et al., 2012). However, the 

underlying networks of this comorbidity have not been elucidated. I would like to propose that (at 

least some incidences of) these disorders stem from a disruption in the stress feeding network as 

discussed in this thesis, affecting NPY signalling. This could explain why the patients show disruptions 

in both their stress regulation and feeding behaviour and why NPY seems to alleviate the symptoms of 

PTSD. However, this is so far purely hypothetical and would require more research into this network. 

 

Limitations and cautions 

There are some cautions that should be exerted when looking at the discussed results. Overall, it is 

important to keep in mind that the complexity of both the stress and feeding networks makes it more 



 

difficult to interpret; the observed results could be primary effectors in the pathology or simply the 

effect of changes occurring elsewhere. The causal relationships can usually only be determined 

through direct interference within the brain, often with (invasive) methods. However, the growing 

volume of research on this subject allows for the gradual elucidation of the precise mechanisms and 

how they interact with each other. Furthermore, it is important to note that the continual application 

of NPY reduces the responsiveness to this neuropeptide (Corder et al., 2020). This poses challenges for 

the implementation of NPY as a therapeutic for PTSD, as long term exposure would decrease the 

effectiveness of the NPY therapy. On the other hand, this means that one should be careful when 

interpreting results of experiments where NPY was overexpressed for an extended period of time, as 

the measured effects here could reflect a reduced responsiveness to the signal rather than an increase 

in NPY signalling. It is possible that this reduced sensitivity is brain region dependent, as food intake 

returned to baseline after overexpression in the PVN, but not in the LH (Tiesjema et al., 2007). 

Secondly, it is always difficult to translate animal data directly to the human situation. Especially 

chronic stress is difficult to recreate, as human chronic stress is often of the result of complex social 

and psychological stressors, like too many responsibilities or financial problems, which is hard to 

validate and recreate in animals (Harris, 2015). Furthermore, the effect of NPY can differ between 

different strains of animal models for obesity (Beck, 2006). 

Part of the variation in the NPY response of different knockout and knock-down studies can be 

explained by the method of genetic manipulation of NPY levels. The NPY system is still developing 

postnatally (Nilsson et al., 2005). If the genetic deletion of NPY were to happen before birth (for 

instance by an NPY-full knock out mouse), it would have no effect on feeding behaviour or body weight 

(Mercer et al., 2011). If NPY was deleted postnatally, the food intake would decrease.  

Furthermore, it is important to note that differences in sex can have a big influence on feeding 

behaviour and stress (Forbes et al., 2012). However, this fact is often overlooked or ignored, as most 

animal research is performed on male animals. Reproductive hormones, especially female hormones, 

influence the pathology of obesity (Asarian & Geary, 2013; Qiu et al., 2018).  

 

Concluding remarks 

The goal of this thesis was to review the role of NPY in the stress response, feeding behaviour and 

stress eating. NPY/AgRP projecting cells in the ARC drive food intake and are modulated by a multitude 

of other brain regions, forming a complex network that integrates homeostatic and hedonic systems. 

A similar complex network regulates the stress response, which is heavily interconnected with the 

feeding network. A molecular candidate for this crosstalk is NPY. This evolutionary conserved 

neuropeptide features a prominent role in feeding as an orexigenic factor. NPY was found to have an 

anxiolytic effect and is also referred to as the functional opposite of CRH, the starting point of the HPA-

axis. Acute stress results in hypophagia, likely due to the inhibition of NPY/AgRP neurons in the ARC by 

CRH. Chronic stress generally leads to hyperphagia, likely by stimulation of NPY/AgRP neurons in the 



 

ARC by glucocorticoids, although this effect is highly variable and dependent on the type of stress. 

Although several studies have looked into the connection between NPY, stress and feeding, no 

unambiguous conclusion can be drawn from these studies, as there exists a large variety in the effects 

of stress on both other factors. Further research is still needed to determine how different types of 

stressors affect the stress response and, subsequently, affect stress eating. However, there does 

appear to be some relation between the direction of the stress-induced change in feeding and the 

direction of changes in NPY expression in the hypothalamus. This brain area is heavily modulated by 

the other regions in the feeding and stress networks. Besides the direct effects of the stress hormones 

on the NPY/AgRP-expressing neurons in the ARC, this population is indirectly modulated by other 

stress-related brain regions, like noradrenalinergic connections from the brainstem and NPY-

expressing cells in the amygdala, leading to a large and complex modulatory network for stress eating. 

Furthermore, multiple other brain regions, like the amygdala and the brainstem, can play a NPY-

mediated modulatory role on stress eating, for instance through the shifting of food preference 

towards palatable food. This implies that, although stress can have varied effects on eating behaviour, 

stress-induced hyper- and hypophagia is mediated by NPY. The network of stress eating is highly 

complex, containing feedback loops, inhibitions of inhibitions and multiple seemingly redundant 

relays. However, this complexity has lead to a highly adaptive stress response and feeding behaviour 

with a key role for NPY. Elucidating this network will potentially provide treatments for obesity, stress 

disorders and stress eating.  

 

Figure 4: Proposed model of the interaction of the feeding and stress network under acute and chronic stress conditions.  
The above figure represents a circuit for an NPY-mediated reaction on stress. Left: acute stress triggers the release of 
noradrenalin from the brainstem. This stimulates the release of CRH, which inhibits NPY/AgRP neurons in the ARC, inhibiting 
eating behaviour. Right: Chronic stress results in high levels of glucocorticoids in the body. These directly stimulate 
NPY/AgRP neurons in the ARC. This is strengthened by NPY from the CeA and Noradrenalin from the Brainstem.  
AgRP: Agouti-related protein; ARC: Arcuate nucleus of the hypothalamus; CeA: Centromedial Amygdala; CRH: Corticotropin 
releasing hormone; NPY: Neuropeptide Y; PVH: Paraventricular nucleus of the hypothalamus. 
 

 



 

 

Table 1: Literature overview concerning stress, food intake and NPY. The table has been organised by model organism used. 
The third column states the type of stress used in the described research. The fourth column states the effect of the used stress 
paradigm on levels of corticosterone of the organism. The fifth column describes the effect this stress paradigm had on the 
feeding behaviour of the model organisms. The last column describes the effects the stress paradigm had on the levels of NPY.  

Paper Model 
organism 

Type of stress Effects of 
stress 

Effect on 
eating 
behaviour 

Effect on NPY 

Rat 

(Chigr et al., 
2014) 

Adult rat Immobilisation 
(acute, 
restraint) 

N.D. Decreased 
food intake, 
back to 
baseline after 
72 hrs. 

Gradual 
increase in 
mRNA over 
time in the 
hypothalamus 

(Goebel-
Stengel et 
al., 2014) 

Adult rat Tail pinch 
(acute) and 
repeated tail 
pinch (chronic) 

No effect on 
ACTH levels in 
the blood 
(corticosterone 
levels were not 
monitored) 

Increased 
food intake in 
both acute 
and chronic 
stress, stress 
eating 
response was 
attenuated 
when Y1 
antagonist 
was present 

N.D. 

(Krolow et 
al., 2013) 

Prepubertal 
and adult rats 

Isolation stress 
(chronic) 

N.D. Increased 
food intake 
when 
stressed and 
had access to 
palatable 
food. 

Increase in 
NPY only in 
juvenile male 
that had no 
access to 
palatable food. 
Decrease in 
NPY only in 
adult males 
that had 
access to 
palatable food. 

(S.-X. Wang 
et al., 2012) 

Adult rat Immobilisation 
(chronic, 
restraint) 

N.D. Decrease in 
body weight 
in stressed 
rats 
Decreased 
food intake in 
the stressed 
groups 
compared to 
control 

No effect on 
NPY content in 
the 
hypothalamus 
However, a 
decrease in 
relative mRNA 
levels in the 
hypothalamus 
in the stress 
groups  

(S. Wang et 
al., 2013) 

Adult rat Immobilisation 
(chronic, 
restraint) 

N.D. Smaller 
increase in 
body weight 

Decrease in 
NPY-positive 
cells in the ARC 



 

compared to 
control 
Decreased 
food intake 

(Melhorn et 
al., 2010) 

Adult rat Visible Burrow 
System 
(chronic, 
social) 

VBS increases 
the basal 
corticosterone 
levels in 
submissive 
males to about 
3- to 4-fold 
increase, which 
was returned 
to baseline in 
recovery 

Increase in 
meal size in 
submissive 
males 

NPY mRNA 
levels in the 
ARC are 
increased in 
both the 
dominant and 
submissive 
males 
compared to 
control 

Mouse 

(Forbes et 
al., 2012) 

NPY KO mice 
and WT Mice 

Restraint 
stress (acute)  

Stress 
increased 
corticosterone 
levels. In 
males, this 
effect was 
significantly 
greater in NPY-
KO mice. 

Food intake 
decreased 
after stress 
and was even 
further 
decreased in 
NPY-KO mice. 

N.D. 

(L. Wang et 
al., 2017) 

Transgenic 
mouse (BL6 
background) 

Chronic 
activation of 
the HPA axis by 
overexpression 
of CRH 
Also in 
combination 
with fasting 
(chronic, 
metabolic) 

CRH-OE 
increased the 
corticosterone 
levels. 
Fasting 
increases the 
corticosterone 
levels to 
approximately 
the same 
levels. The 
combination of 
fasting and 
CRH-OE does 
not increase 
the 
corticosterone 
levels 
significantly 
more than 
both separate 
options. 

Chronic HPA-
activation 
abolished the 
sex-
differences in 
body 
composition. 
CRH-OE had a 
lower food 
intake 

Increase in 
NPY mRNA in 
fasted WT vs. 
NF WT, both 
sexes. 
Increase in 
NPY mRNA in 
NF CRH-OE in 
females 
(both in 
hypothalamus) 

(Lin et al., 
2015) 

Mouse (BL6) Social 
overcrowding  
(chronic, 
social) 

Mice showed 
an increase in 
anxiety-like 
behaviours. 

No effect on 
eating, but 
large changes 

Increase in 
NPY and 
NPY1R, but not 
NPY2R 



 

Corticosterone 
levels were 
approximately 
doubled in SC 
mice 

in body(fat) 
composition 

Chicken 

(Ito et al., 
2015) 

Chicken Heat stress Corticosterone 
levels were 
comparable at 
2 hours of heat 
stress, but 
increased after 
5 hours of heat 
stress. 

Food intake in 
the stress 
group is lower 
than in the 
control group. 

Diencephalic 
NPY was 
significantly 
increased by 
stress 
treatment. 
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