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ABSTRACT 
Yang, G. V. Hypothalamic control of feeding behavior in the thirteen-lined ground 
squirrel. MS in Biology, Cellular and Molecular Concentration, August 2022, 42 pp. (C. 
Schwartz) 
 

The thirteen-lined ground squirrel (Ictidomys tridecemlineatus) undergoes natural, 
extreme changes in feeding behavior, including a six-month fast during hibernation. In 
the spring and summer, ground squirrels become hyperphagic by increasing food intake 
for fat storage during hibernation. Immediately before hibernation, they decrease food 
intake and become hypophagic. The reverse process occurs after hibernation. mRNA 
expression in the hypothalamus of the brain during the fall feeding transition in the 
ground squirrel showed increased orexigenic expression during hyperphagia and 
decreased expression during hypophagia (Schwartz, Hampton, & Andrews, 2015). 
However, protein expression is not known. Orexigenic protein expression of mRNA 
targets that are interesting to human health include neuropeptide Y (NPY) and orexin A. 
We used immunohistochemistry to detect NPY and orexin A protein expression levels 
over hyperphagic, fall hypophagic, interbout arousal (during hibernation), and spring 
hypophagic transitions. c-fos, a marker for neuronal activity, was used to determine 
active areas of the hypothalamus during feeding transitions. Coverage and cell count 
revealed increased NPY and orexin A expression during periods of hyperphagia and 
complementary to this, increased c-fos expression in lateral hypothalamic neurons during 
hyperphagia. This suggested that orexin A is a key player in feeding control of the ground 
squirrel, particularly during hyperphagia.   
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INTRODUCTION 

In animals, overeating and undereating especially for long periods of time can 

lead to detrimental effects on body temperature regulation, metabolism, hormonal 

regulation, and many more. Overeating can lead to obesity and anorexia with undereating 

can lead to emaciation respectively, which can pose increased risk for disease such as 

organ failure, diabetes, musculoskeletal disorders, and cancer (Office of Women’s 

Health, 2018; World Health Organization, 2018). Obesity is staged using Body Mass 

Index (BMI), or a person’s weight in kilograms divided by the square of their height in 

meters. High BMI can indicate high body fat percentage, and as reference, BMI between 

18.5 to 25 is associated with the lowest risk of mortality in adult humans. Typically, 

obesity is caused by chronic positive energy balance, including excessive intake of foods 

with high fats and sugars and/or low physical activity. Obesity rates nearly tripled 

between 1975-2016, and about 13% of the world’s adult population were obese as of 

2016. Obesity was officially recognized as a disease in 2013 by the American Medical 

Association to prevent further comorbidities due to obesity and its high costs for 

treatment (Meldrum et al., 2017). Obesity is generally considered a metabolic disorder, 

but may be related to some mental health conditions, such as binge eating disorder. 

Treatment of obesity can include lifestyle, drug and/or surgical interventions with varying 

success.

Anorexia can occur with disease, disease treatment, aging, and certain mental 

health conditions and may require medical intervention. Anorexia nervosa is a recognized 
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disorder listed in the Diagnostic and Statistical Manual of Mental Disorders Fifth Edition 

(DSM-V). Anorexia is considered a feeding and eating disorder that is characterized by 

chronic negative energy balance, including restrictive food intake and/or excessive 

physical activity. This leads to significantly low body weight, reproductive system 

malfunction and importantly, may be associated with intense fear of gaining weight or 

body dysmorphia. The causes of anorexia are still unknown but are thought to involve 

brain biology, genetics, and environmental factors (Mayo Clinic, 2018; Office of 

Women’s Health, 2018). Anorexia nervosa is more common in females, especially during 

teenage years and is likely to be comorbid with other mental health illnesses such as 

mood disorders, personality disorders, obsessive-compulsive disorder, drug abuse, and 

suicidal ideation. Treatment of anorexia nervosa may involve behavioral health and drug 

interventions and requires refeeding, which is complicated by risk to weakened organ 

systems if too aggressive.  

Previous studies have shown that obesity (Bell et al., 2005; Ferris & Gregg, 2019; 

MacNeil, 2007; McCue et al., 2018; Rossi et al., 2019) and anorexia nervosa 

(Manousopoulou et al., 2016; Nobis et al., 2018) have a connection to the hypothalamic 

area of the brain. The hypothalamus is a small area in the center of the brain that 

primarily controls feeding and other behaviors through neuronal and hormonal signals. 

Therefore, it is important to understand how the hypothalamus regulates feeding behavior 

particularly during periods of increased food intake, decreased food intake, and even 

starvation periods.  

The hypothalamus contains regions of specified cells, known as nuclei (singular, 

nucleus). Several hypothalamic nuclei are known to associate with food intake and 



3 
 

appetite, including the arcuate nucleus (ARC), lateral hypothalamus (LAT), and 

paraventricular nucleus (PVN) (Ahima & Antwi, 2008; Bell et al., 2005). Each nucleus 

produces and responds to specific proteins that are involved in either promoting food 

intake or satiety as shown in Figure 1. Proteins involved in promoting food intake can be 

defined as orexigenic, whereas the proteins involved in promoting satiety and reduced 

food intake are defined as anorexigenic. 

Neuropeptide Y (NPY) is co-expressed with another protein, agouti-related 

protein (AgRP) in the ARC. When expressed, these proteins promote food intake. 

Additionally, NPY neurons project to the PVN to elicit food-intake-promoting behavior. 

Concentrations of NPY in the PVN determine the intensity of food-intake, with increased 

amounts of NPY in the PVN resulting in hyperphagia (Stanley & Leibowitz, 1985). A 

study found that in streptozotocin-induced diabetic rats, NPY concentrations were 

significantly increased over time, resulting in increased drive for food consumption 

(Williams et al., 1989). Additionally, Long-Evans rats, a rat model for diet-induced 

obesity, was continuously injected with NPY and developed similar phenotypes like 

hyperphagia and overweight, as the Zucker rat, a model for genetic obesity (Beck et al., 

1992). These studies demonstrate the role NPY has, especially in diet-induced obesity 

and diabetes.  
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Figure 1. Peripheral effects on the hypothalamus feeding circuitry. Ghrelin, leptin, and 
insulin are all peripheral signals that determine whether the arcuate nucleus will initiate 
food intake or satiety. Each can cross the blood-brain-barrier to directly affect the arcuate 
nucleus. AgRP neurons are co expressed with NPY and CART neurons are co-expressed 
with POMC. Arrows indicate excitatory effects and lines indicate inhibitory effects. A) 

A 

B 

C 
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Peripheral signaling to promote food intake. B) Peripheral signaling to promote satiety. 
Abbreviations: PVN: paraventricular hypothalamus, ARC: arcuate nucleus, HCRT: 
orexin/hypocretin, LAT: lateral hypothalamus, NPY: neuropeptide Y, AgRP: agouti-
related protein, POMC: proopiomelanocortin, CART: cocaine and amphetamine-
regulated transcript.  

 
Proopiomelanocortin (POMC) is a precursor polypeptide that is synthesized in the 

pituitary gland and ARC, and is further cleaved to other peptides involved in satiety, 

glucocorticoid production, and pigment production (Millington, 2007). POMC is co-

expressed with cocaine- and amphetamine-regulated transcript (CART) within the ARC. 

POMC products from the ARC are agonists that bind to melanocortin receptors located 

on POMC neurons, NPY/AgRP neurons, and the PVN to promote satiety, resulting in 

hypophagia (Figure 1; (Fan et al., 1997; Foster et al., 2005). Importantly, agouti and 

agouti-related peptides from AgRP neurons are antagonists at these receptors, meaning 

that these peptides inhibit satiety, thereby promoting hunger and food intake leading to 

hyperphagia. Because of the opposing roles between NPY/AgRP and POMC/CART, it 

can be determined that there is baseline inhibitory effect on feeding behavior from the 

ARC between POMC/CART and NPY/AgRP neurons. To determine when NPY/AgRP 

neurons need to promote food intake and when POMC/CART promote satiety, the ARC 

is dependent on peripheral signaling such as leptin, ghrelin, and insulin (Figure 1).  

Included in the circuitry to regulate feeding behavior is the lateral hypothalamus 

(LAT), another area of the hypothalamus that is known to project and synapse to NPY 

and vice versa, demonstrating that they are interdependent (Sellayah & Sikder, 2013). 

Like NPY neurons, the LAT is dependent on peripheral signaling, such as leptin, ghrelin, 

and glucose levels to promote orexin (hypocretin, HCRT) protein production (Figure 1). 

Two different types of orexin proteins exist: orexin A and orexin B (Inutsuka & 
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Yamanaka, 2013). Only orexin A can cross the blood-brain-barrier and it is non-specific 

to binding orexin receptors. Orexin 1 receptors and orexin 2 receptors are prominent in 

the LAT, PVN, and ARC, which would make orexin important in regulating feeding 

behaviors. Decreased glucose and ghrelin concentrations promote production of orexin in 

the LAT. The active form of orexin is released from the LAT and activates NPY/AgRP 

neurons and the PVN to promote food intake. Active orexin positively feeds back to the 

LAT to promote more orexin until increased glucose and leptin are detected, which will 

then cease orexin production. In human health, plasma orexin A levels were found to be 

reduced in patients with restrictive type anorexia nervosa (Janas-Kozik et al., 2011). 

However, there was no distinction between gut and brain orexin A in this study.  

Previous studies observed how the hypothalamus regulates feeding behavior by 

using rodent models to manipulate gene expression (McCue et al., 2018; Rossi et al., 

2019). Although rodent models have always been widely used and gene manipulation has 

demonstrated parallel effects to humans, there are other rodent models that can be used to 

study feeding behavior without manipulating gene expression. Hibernating species have 

naturally occurring periods of extreme increased food intake and extreme decreased food 

intake, along with a long period of fasting, making them uniquely suited for studying 

natural feeding behavior.  

Hibernation is a unique ability that allows for animal survival during harsh 

environmental conditions, experienced by many mammals like the thirteen-lined ground 

squirrel (Ictidomys tridecemlineatus). Hibernation is characterized by bouts of torpor 

interspersed with short interbout arousals (IBA) in the thirteen-lined ground squirrel 

(Figure 2a; Carey et al., 2003). During torpor, body temperatures (Tb) drop to slightly 
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above ambient temperatures and ground squirrels are hypometabolic, reducing metabolic 

rate to 2-4% of normal rate, which slows the breakdown of energy stores into usable 

energy. In other mammals, low Tb and hypometabolism would be fatal long before 

reaching the levels of torpor in hibernators. Torpor bouts last 1-2 weeks and are 

interrupted randomly with brief IBAs for 12-24 hours before squirrels return to torpor. 

This fluctuation between torpor and IBA occurs throughout the hibernation season. 

During IBA, physiological parameters return to typical mammalian levels. Animals still 

enter hibernation even in a laboratory setting, where they no longer have access to food, 

putting with fasts that can last for over 6 months. During hibernation, animals do not 

consume any food, putting them in an induced-anorexic state. 

Because of the harsh conditions necessitating hibernation, the mammals cannot be 

actively searching for food. Thus, they must prepare for hibernation by regulating their 

food intake. Thirteen-lined ground squirrels prepare for hibernation by increasing food 

intake during the spring and summer to ensure adequate white adipose tissue during 

torpor, which is used as an energy source during the low metabolic state of torpor (Buck 

et al., 2002; Carey et al., 2003). This hyperphagic phase is characterized as when animals 

are eating excessive amounts of food, which if occurring in humans, would result in 

obesity (Figure 2; Schwartz, Hampton, & Andrews, 2015). During the fall prior to 

hibernation, ground squirrels significantly decrease their food intake over the course of a 

few weeks which is characterized as the hypophagic phase. Importantly, hypophagic 

animals were previously hyperphagic and went through a drastic reduction in food intake. 

This same type of transition occurs in reverse post-hibernation where animals are first 

hypophagic for a short time before transitioning to become hyperphagic (Figure 2b). The 
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fall start of the hypophagic phase seems to indicate hibernation readiness in the thirteen-

lined ground squirrel. Additionally, these dramatic changes in food consumption occur in 

the lab without any environmental signals. 

 

Figure 2. Food consumption in relation to hibernation over one year. 
Adapted from Schwartz & Andrews, 2013. (a) Red dotted line shows ambient 
temperature and the black line shows body temperature of the thirteen-lined ground 
squirrel. During hibernation season, body temperatures dropped to a little higher than 
ambient temperatures of the environment, which was lowered to 5℃. The ground 
squirrels also had interspersed bouts of arousal (IBA) in between periods of torpor that 
occurred throughout hibernation. Body temperatures rose again after hibernation back to 
normal status. (b) Food was provided ad libitum to the squirrels during their active season 
and measured daily in grams. Ground squirrels were hyperphagic during August into 
early September and significantly decreased food intake making them hypophagic 
towards the end of September into October. During the hibernation period, no food was 
provided for the ground squirrels. IBA: interbout arousal. 

 
The hypothalamus is involved in food intake, along with several other functions 

likely important for hibernation, most importantly controlling arousal. Orexin is known to 

have other roles in wakefulness and reward which is relevant to feeding, as seeking and 

foraging for food requires wakefulness and feeling satiated leads to sleepiness (Kodadek 

& Cai, 2010). Given orexin’s role in wakefulness, it should be emphasized that orexin’s 
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role in feeding behavior is highly dependent on light sensory cues and therefore should 

demonstrate expression related to the circadian cycle for hibernators (Sellayah & Sikder, 

2013). Additionally, c-fos activation to investigate neural activity in hibernators showed 

activation in the ARC and PVN during IBA (Bratincsák et al., 2007). This is interesting, 

considering PVN neuronal activation is related to stress response, such as detecting 

hypoglycemia and environmental temperature changes, and ground squirrels do not 

consume food during IBA. The researchers who observed this believed that the animals 

could still be experiencing some stress during IBA and hunger, because there was no 

PVN activation when the ground squirrel’s body temperature was decreasing in the early 

stages of hibernation. This indicated that entrance to hibernation was not dependent on 

stress but rather differential gene expression regulating internal functions.  

Seeing how the hypothalamus regulates arousal and feeding behavior, previous 

transcriptomic work investigating feeding behavior in thirteen-lined ground squirrels 

associated with hibernation preparation investigated mRNA expression (Figure 3) 

(Schwartz et al., 2015). Hypothalamic mRNA expression of orexigenic proteins was 

significantly increased in the spring compared to hibernation in the thirteen-lined ground 

squirrel, which corresponds to the hyperphagic phase. Although orexin not statistically 

different, orexin showed an increasing trend during hyperphagia and decreasing trend 

during hibernation. Anorexigenic NPY/AgRP mRNA showed increased expression 

during hyperphagia and hibernation, and CART mRNA showed decreased expression 

during hyperphagia, but increased expression during hypophagia. POMC was too 

variable to exhibit a trend between hyperphagia and hypophagia. These proteins are 
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important for promoting food intake during this phase to gain white adipose tissue for the 

upcoming hibernation season, so the study only observed the pre-hibernation transition.  

 

Figure 3. Food-promoting and satiety-related transcriptome data. 
The same letter indicated no significant difference, whereas different letters indicated 
significant difference (i.e. A and B are significantly different from each other) among 
periods. Adapted from Schwartz et al., 2015. Abbreviations: AGRP: agouti-related 
protein; CARTPT: cocaine and amphetamine regulated transcript pre-propeptide; HCRT: 
hypocretin/orexin; NPY: neuropeptide Y; POMC: proopiomelanocortin 

 
In this study, we used immunohistochemistry to investigate protein expression of 

NPY and orexin A in the thirteen-lined ground squirrel across natural feeding transitions 

shown in Figure 1. Additionally, we used c-fos as a neuronal marker to observe neuronal 

activity during feeding transitions, as only hibernating transitions are known. While not 

as specific as investigating specific proteins or genes, this will highlight specific regions 

of the hypothalamus that could be orchestrating the natural changes in feeding behavior 

seen in the thirteen-lined ground squirrel both before and after hibernation. 
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Objectives 

Specific Aim #1: To examine feeding related proteins in the ground 

squirrel hypothalamus during natural feeding transitions. 

Feeding changes in ground squirrels are imperative to adequate preparation for 

the hibernating season. Orexin A and NPY are orexigenic proteins produced in the 

hypothalamus that promote food intake. Orexin A and NPY mRNA showed increased 

expression patterns during periods of increased food intake prior to hibernation. 

However, protein expression has not been explored and is important information in 

determining the hypothalamic circuitry involved in feeding behavior. Therefore, we 

predicted that ground squirrels would have increased expression of NPY and orexin A 

during periods of hyperphagia compared to hypophagia and IBA, when the animals are 

fasting.  

Specific Aim #2: To examine neuronal activation in the ground squirrel brain 

accompanying natural feeding transitions. 

c-fos expression has been used to characterize neuronal expression during 

hibernation. c-fos is an immediate early gene used commonly to identify neuronal activity 

using either in situ hybridization (investigating mRNA levels) or immunohistochemistry 

(investigating protein levels). The hypothalamic areas ARC, PVN, and LAT will be 

investigated for neuronal activation using c-fos for each feeding transitional period 

because these structures are involved in hypothalamic feeding circuitry. C-fos expression 

will be used to visualize neuronal activation in the ground squirrel hypothalamus during 

natural hyperphagic and hypophagic transitions using immunohistochemistry. We predict 

to see increased expression of the PVN and LAT during hyperphagia and decreased 
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expression during hypophagia. Since both orexigenic and anorexigenic proteins are 

expressed in the ARC, we would expect to see expression during all time points but at 

different areas within the ARC. According to Bratinsak et al (2007), we should also see 

the ARC and PVN active during IBA. 



13 
 

METHODS 

Animals  

Sixteen wild-caught and lab-raised thirteen-lined ground squirrels (Ictidomys 

tridecemlineatus) were used for the study. The wild-caught animals were captured in 

accordance with a Scientific Collectors permit from the Wisconsin Department of Natural 

Resources in summer 2019 in La Crosse County, WI on private property with permission. 

All animals were housed in plastic cages with wired tops at the animal care facility at 

UW-La Crosse. At least one week was allowed for wild-caught ground squirrels to 

acclimate in the laboratory prior to measuring food consumption. Prior to hibernation 

season, ground squirrels were kept in standard laboratory conditions (70-74 °F; 12:12 h 

light/dark) and received water and food pellets (Tekland 18% protein rodent diet) ad 

libitum. Food never fell below 100 grams to ensure ground squirrels always had adequate 

amounts of food. No supplemental food was provided due to the need to estimate 

consumption accurately in this study. During hibernation, ground squirrels were kept in 

cold conditions (36-40 °F, 24 h dark) receiving no food or water. Wild-caught ground 

squirrels were weighed upon arrival and prior to euthanizing, whereas lab-raised animals 

were weighed prior to hibernation and prior to euthanizing. Procedures were approved by 

the Institutional Animal Care and Use Committee (Protocol Number 2-19).  

Feeding Phenotype 

Ground squirrels were grouped as outlined in Figure 4 according to feeding 

transitional state: Hyperphagic (HYPER) (n = 3; 2 female, 1 male), Fall hypophagic 
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(FHYPO) (n = 3; 2 female, 1 male), Interbout Arousal (IBA) (n = 4; 2 female, 2 male), 

and Spring hypophagic (SHYPO) (n = 5; 5 female, 0 male). HYPER animals were 

defined as ground squirrels eating at least 18 g/day and were euthanized in late summer 

prior to becoming hypophagic. Hypophagic groups were defined as ground squirrels 

eating less than half of their hyperphagic consumption. FHYPO group were euthanized 

after becoming hypophagic, but prior to entering hibernation conditions in the lab. Only 

wild-caught ground squirrels were used for HYPER and FHYPO groups and these were 

collected immediately prior to the start of this experiment (Figure 4). IBA and SHYPO 

groups entered hibernation conditions in the lab. IBA animals were euthanized upon 

natural arousal to IBA. SHYPO group returned to non-hibernating conditions in March 

and were euthanized approximately two days later prior to becoming hyperphagic. Food 

weights were obtained daily for all individuals in non-hibernating conditions and food 

consumption for all groups was calculated as the difference between the daily food 

measured in grams. Food measurement occurred strictly between 1 PM-5 PM Central 

Standard Time and included food that was still in the feeder and any visible food pellets 

in the cage. Animals in the IBA group did not have access to food for the duration of 

hibernation and were therefore assigned a consumption value of 0 grams/day.  

 

Figure 4. Timeline of animal collection and euthanization. 
Collection arrows indicated approximate timepoints of wild-caught animal capture and 
start of food consumption. HYPER, FHYPO, IBA, and SHYPO arrows indicated 
approximate timepoints of euthanization. Abbreviations: HYPER: hyperphagic; 
FHYPO: fall hypophagic; IBA: interbout arousal; SHYPO: spring hypophagic. Colors: 
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Purple: animals eating at least 18 g/day; Black: animals eating 0 g/day. Orange: animals 
eating less than half of the average hyperphagic consumption  
 

Fixation  

All animals were fully anesthetized with isoflurane then were transcardially 

perfused with 0.9% saline followed by 4% paraformaldehyde in phosphate buffer 

following a protocol modified from Gage et al., 2012. Brains were excised, post-fixed in 

paraformaldehyde, and incubated in increasing concentrations of sucrose in phosphate 

buffer (5-30%) at 4 °C. Brains were blocked prior to incubation in 10% sucrose, which 

removed the olfactory bulbs and prefrontal cortex, along with the brain stem and 

cerebellum. After completion of the sucrose gradient, the brains were covered in 

optimum cutting temperature (OCT) medium, flash frozen in isopentane (2-

methylbutane) cooled with dry ice and stored at -80 °C until slicing. A cryostat kept at 

approximately -20 °C was used to coronally cross section brains anteriorly to posteriorly 

at 18 µm thickness and sections were thaw mounted on Superfrost Plus microscope slides 

and dried. Serial adjacent brain sections were separated into ten sets of slides. One slide 

set from each animal was used for immunohistochemistry and additional slide sets served 

as replacements or were used in other experiments. Brain slides were stored at -80 ℃ 

until used for immunohistochemistry. 

Immunohistochemistry  

Slides were removed from -80 °C and air dried to allow the slides to reach room 

temperature. Once dried, OCT media was removed, and a Gnome pen was used to 

encircle each brain section to create a hydrophobic barrier to maintain solutions on 

the brain sections. After the hydrophobic barrier dried, slides were washed in TBS-TX 

(1X Tris Buffered Saline with 0.05% Triton-X) for two 15-minute rounds. Brain 
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slides were individually dipped in plain TBS for two to three seconds prior to 

pipetting with blocking solution (1% BSA in TBS-TX) and then incubated in a 

humidified chamber for 1 hour. After incubation, slides were drained of the blocking 

solution, and primary antibody cocktail was added to the brains. The primary antibody 

cocktail consisted of blocking solution with the primary antibody at the required 

concentration. Table 1 shows the primary and secondary antibodies at the concentrations 

used for this experiment. The slides incubated in the primary antibody cocktail overnight 

at 4 °C to ensure adequate staining.  On the second day of immunohistochemistry, slides 

were washed in TBS-TX for two 15-minuite rounds. Slides were individually dipped in 

plain TBS briefly for two to three seconds prior to adding the secondary antibody 

cocktail. The secondary antibody cocktail was made with TBS-TX with the 

complementary secondary antibody at the appropriate concentration. The slides incubated 

for 1 hour to allow for specific binding to the primary antibody. Brain slides were then 

washed in TBS-TX for two 15-minute rounds and plain TBS for three 5-minute rounds. 

Final brain slides were drained of excess solution and coverslipped with fluoromount. 

Slides were then left to dry in a light-sealed environment to prevent bleaching. Dried 

coverslipped slides were sealed with clear nail polish and stored at 4 °C until imaging. 

All steps were completed at room temperature (20 °C) unless stated otherwise.  
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Table 1. Primary and secondary antibodies 
Primary 
Antibody  

Vendor Concentration Secondary 
Antibody 

Vendor Concentration 

 
Rabbit 
polyclonal to 
NPY  

 
Abcam 
ab30914 

 
1:2000  

 
Alexa FluorTM 
594 donkey anti-
rabbit IgG (H+L) 

 
Thermo 
Fisher 
Scientific 
A21207 

 
1:1000 

Rabbit 
polyclonal to 
Orexin A  

Abcam  
ab6214 

1:1000  Alexa FluorTM 
488 donkey anti-
rabbit IgG (H+L) 

Thermo 
Fisher 
Scientific 
A21206 

1:1000 

Mouse 
monoclonal 
to c-fos  

SCBT  
sc271243 

1:5000 Alexa FluorTM 
594 donkey anti-
mouse IgG (H+L) 

Thermo 
Fisher 
Scientific 
A21203 

1:1000 

  
Fluorescent Imaging and Analysis 

Images were taken on a Nikon Eclipse E600 with CMOS DsQi2 Monochrome 

camera using the program NIS-Elements v. 5.20.01 to view slides under green or red 

filters according to secondary antibody fluorescence. Each image was auto-exposed and 

gain adjusted as needed to best view expression brightness. Files were saved as .TIFF at 

14-bit 1608x1608 resolution to maintain image quality and clarity for analysis.  

The selected regions of interest were based on previous transcriptomic data that 

suggested further investigation of the traditional feeding genes npy and oxa. Given where 

the proteins are synthesized, the ARC, PVN, and LAT were chosen correspondingly. 

Additionally, c-fos. a common marker used for neuronal activity following action 

potentials, was used to cross-check with the regions of interest along with investigating 

other interesting brain region activity. The ARC and PVN were anatomically obvious due 

to compact cells that were shaped in formations and proximity to the third ventricle. 
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Coronally, the ARC started out as kidney-bean shaped and became a downward arrow as 

we moved anteriorly to posteriorly to determine the start and the end of the structure. The 

ARC was located at the most inferior tip of the third ventricle bilaterally on the brain. 

The PVN was consistent as an upside-down teardrop from the beginning to the end of the 

structure. Anteriorly to posteriorly, the PVN started at the middle of the third ventricle 

and ended at the most superior tip of the third ventricle. The LAT was more difficult to 

determine, as it did not have a specific shape, so we relied on proximity to the third 

ventricle and presence of cell bodies. The LAT is posterior to the PVN and is adjacently 

distal from where the PVN is in comparison to the ventricle. OXA is reliably expressed 

here, so the presence of OXA in this area confirmed the anatomical location. Structures 

were referenced using a ground squirrel brain atlas (Joseph et al., 1966) and rat brain 

atlas (figure 5; Paxinos & Watson, 2014). 
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Figure 5. Thirteen-lined ground squirrel brain atlas.  
The relative position of the PVN, LAT, and ARC in the rodent brain are illustrated in 
yellow. Modified from Paxinos and Watson, 2005. 
 

The software program ImageJ analyzed images captured from fluorescent 

microscopy. Given the images had adequate exposure, images were converted to 8-bit 

depth and converted to a binary image from dark background to light background to bring 

forward cell structures. Cell structures were highlighted using the auto-threshold function 

and adjusted as needed if there was high background. Cell structures included cell bodies 

and dendrites within each region of interest. Particles were restricted to 250-4000 pixel2 

size and there were no shape restrictions. Results considered total cell count that meet the 

LAT
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size criteria and percent area of the selected area covered by stained pixels. Analysis of 

both c-fos expression and orexigenic protein expression was focused on specific 

hypothalamic brain regions (ARC, PVN, LAT) from each time point (FHYPER, FHYPO, 

IBA, SHYPO). Since both the ARC and PVN nuclei were fully visible, the entire nucleus 

was analyzed for each bilaterally. Since the LAT did not have a clear structure, cell 

bodies in the LAT were measured in a 600x600 pixel2 box consistently across images 

focused on the center of the nucleus. Not all brain sections were used due to variability 

between sectioning and folding, but at least five sections in each area of interest were 

used for statistical analysis.  

Statistical Analysis 

Protein expression across the time points were compared using a one-way 

analysis of variance (ANOVA) with IBM SPSS Statistics v. 28.0.0.0 (190). Any 

significant results were further analyzed with a Tukey’s post-hoc test to determine which 

time points were significantly different from each other. Graphs were made using 

GraphPad Prism v. 9.3.1 (471) and tables were made with Microsoft® Word for 

Microsoft 365 MSO v. 2204.  

Staining was widespread across cell bodies and projections in the ARC and PVN, 

so only percent area coverage was used as indication of orexigenic protein expression in 

these areas. OXA cell bodies were fully present in the LAT, so cell count and percent 

area coverage were both considered in statistical analysis. Staining for c-fos was 

exclusive to cell bodies but was difficult to analyze at 10x magnification, so only cell 

count in 20x magnification was considered in statistical analysis. 
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RESULTS 

 The proteins NPY and OXA traditionally have been studied in feeding behavior 

and are known to promote food intake. Here, we studied the expression of NPY in the 

ARC and PVN and OXA in the LAT during feeding transitions in the 13-lined ground 

squirrel. Additionally, we studied c-fos expression in each of these three areas of the 

hypothalamus.  

Food Consumption Phenotype 

Table 2 summarizes the body weight and food consumption phenotypes of the 

four experimental groups. Each group matched the desired phenotypes based on daily, 

final week, and maximum food consumption.  

Table 2. Animal weight and food consumption during seasonal feeding transitions 
Group Final Tb 

(°C) 
Initial body 
weight (g) 

Final body 
weight (g) 

Daily 
(g/day) 

Final week 
(g/day) 

Max 
(g/day) 

 
HYPER 
(n = 3) 
 

 
37.2 ± 0.3 

 
121.9 ± 5.1 

 
192.5 ± 10.7 

 
23.0 ± 2.3 

 
23.6 ± 1.9 

 
28.8 ± 1.0 

FHYPO 
(n = 3) 
 

37.0 ± 0.0 131.0 ± 26.2 209.5 ± 4.7 7.0 ± 0.9 5.8 ± 1.6 30.9 ± 4.2 

IBA  
(n = 5) 
 

35.1 ± 1.1 246.0 ± 25.7 189.6 ± 22.8 0.0 ± 0.0 0.0 ± 0.0 0.00 ± 0.0 

SHYPO 
(n = 5) 
 

37.4 ± 0.2 226 ± 24.7 171.8 ± 2.0 3.9 ± 0.1 3.85 ± 0.1 3.85 ± 0.1 

Note: Numbers are in mean ± standard error of the mean. Daily was the averaged 
consumption across all days. Final week was the averaged consumption during the final week 
prior to being euthanized. The max was the maximum consumption across all days during 
each feeding timepoint, with the exception of FHYPO animals because they were once 
hyperphagic prior to hypophagic.  
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NPY Protein Expression in the Hypothalamus  

An ANOVA showed that there were significant differences in NPY expression in 

the ARC between feeding transitions based on percent area coverage in 10x 

magnification (Figure 6c, F (3, 11) = 7.899, p = 0.004) and 20x magnification (Figure 6d, 

F (3, 11) = 4.298, p = 0.031). In 10x magnification, a posthoc test showed that the 

HYPER group showed significantly increased expression compared to FHYPO (p = 

0.018), IBA (p = 0.011), and SHYPO (p = 0.004). In 20x magnification, a posthoc test 

only showed a significant difference between HYPER and SHYPO (p = 0.023). In both 

instances, we saw a decline in expression patterns after HYPER and steady expression 

throughout FHYPO, IBA, and SHYPO.  
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Figure 6. NPY expression in the thirteen-lined ground squirrel ARC. 
Representative images of NPY expression in the ARC throughout seasonal feeding 
transitions using immunohistochemistry staining and fluorescent microscopy imaging. A-
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B) HYPER, C-D) FHYPO, E-F) IBA, and G-H) SHYPO in either 10x or 20x 
magnification. Protein expression was determined by percent coverage in I) 10x 
magnification and J) 20x magnification. Error bars represent standard error of the mean. 
p < 0.05*, p < 0.01** 

 
 
Table 3. Tukey’s posthoc test for NPY percent area coverage in the ARC in 10x 
 Group 
Group HYPER FHYPO IBA SHYPO 
HYPER - 0.018* 0.011* 0.004** 
FHYPO 0.018* - 0.999 0.913 
IBA 0.011* 0.999 - 0.819 
SHYPO 0.004** 0.913 0.819 - 

Note: p-value < 0.05*, <0.01** 

Table 4. Tukey’s posthoc test for NPY percent area coverage in the ARC in 20x 
 Group 
Group HYPER FHYPO IBA SHYPO 
HYPER - 0.093 0.120 0.023* 
FHYPO 0.093 - 0.963 0.914 
IBA 0.120 0.963 - 0.608 
SHYPO 0.023* 0.914 0.608 - 

Note: p-value < 0.05* 

Although expression of NPY was successfully detected in the PVN, the ANOVA 

did not indicate any significant expression patterns in the PVN in 10x magnification 

(Figure 7, F (3, 11) = 1.759, p = 0.213) nor 20x magnification (F (3,11) = 1.421, p = 

0.289). 
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Figure 7. NPY expression in the thirteen-lined ground squirrel PVN.  
Representative images of the PVN throughout seasonal feeding transitions using 
immunohistochemistry staining and fluorescent microscopy imaging. A) 10x and B) 20x 
magnification. Protein expression was determined by percent area coverage in C) 10x 
magnification and D) 20x magnification. Error bars represent standard error of the mean.  

 
OXA Protein Expression in the Hypothalamus  

Interestingly, results of an ANOVA revealed a significant difference in cell count 

as a result of feeding behavior in both 10x magnification (Figure 8c, F (3, 11) = 26.043, p 
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< 0.001, and 20x magnification, (Figure 8d, F (3, 11) = 7.222, p = 0.006) and percent area 

coverage at 10x magnification, (Figure 8e, F (3, 11) = 24.315, p < 0.001) and 20x 

magnification (Figure 8f, F (3, 11) = 9.477, p = 0.002) for OXA expression in the LAT 

during feeding transitions. In 10x magnification, the posthoc test showed that HYPER 

had significantly increased OXA expressing neurons compared to FHYPO (p < 0.001), 

IBA (p < 0.001), and SHYPO (p < 0.001). In 20x magnification, the significance showed 

increased HYPER expression compared to IBA (p = 0.011) and SHYPO (p = 0.008). In 

both instances, we see a steady increase in expression through HYPER, FHYPO, and 

IBA, and a decline in expression from IBA to SHYPO.  
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Figure 8. OXA expression in the LAT. 
Representative images of OXA expression in the LAT throughout seasonal feeding 
transitions using immunohistochemistry staining and fluorescent microscopy imaging. A-
B) HYPER, C-D) FHYPO, E-F) IBA, and G-H) SHYPO in either 10x or 20x. (I-J) Count 
and (K-L) coverage analyzed using a one-way ANOVA and Tukey’s posthoc to 
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determine overall protein expression. Error bars represent standard error of the mean. (p 
< 0.05*; p < 0.01**; p < 0.001***, p < 0.0001****)  

 
Table 5. Tukey’s posthoc test for OXA cell count in the LAT in 10x 
 Group 
Group HYPER FHYPO IBA SHYPO 
HYPER - <0.001*** <0.0001**** 0.0001**** 
FHYPO <0.001*** - 0.943 0.452 
IBA <0.001*** 0.943 - 0.674 
SHYPO <0.001*** 0.452 0.674 - 

Note: p-value < 0.001***, < 00001**** 
 
Table 6. Tukey’s posthoc test for OXA percent area coverage in the LAT in 10x 
 Group 
Group HYPER FHYPO IBA SHYPO 
HYPER - <0.001*** <0.0001**** 0.0001**** 
FHYPO <0.001*** - 0.996 0.815 
IBA <0.001*** 0.996 - 0.870 
SHYPO <0.001*** 00.815 0.870 - 

Note: p-value < 0.001***, < 00001**** 
 
Table 7. Tukey’s posthoc test for OXA cell count in the LAT in 20x 
 Group 
Group HYPER FHYPO IBA SHYPO 
HYPER - 0.360 0.011* 0.008** 
FHYPO 0.360 - 0.254 0.168 
IBA 0.011* 0.254 - 0.974 
SHYPO 0.008** 0.168 0.9074 - 

Note: p-value < 0.05*, <0.01** 
 
Table 8. Tukey’s posthoc test for OXA percent area coverage in the LAT in 20x 
 Group 
Group HYPER FHYPO IBA SHYPO 
HYPER - 0.150 0.005** 0.002** 
FHYPO 0.150 - 0.304 0.143 
IBA 0.005** 0.304 - 0.904 
SHYPO 0.002** 0.143 0.904 - 

Note: p-value < 0.05*, <0.01** 
 

c-fos Expression in the Hypothalamus 

 Expression of c-fos in the ARC, PVN, and LAT were analyzed using a one-way 

ANOVA. Representative images shown in each region and timepoint is shown in figure 

9. The ARC showed significant differences in c-fos expression between feeding groups 
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(figure 10a; F (3, 11) = 3.988, p = 0.038). More specifically, HYPER c-fos expression 

was significantly increased compared to IBA (p = 0.043). Additionally, while not 

statistically significant from HYPER (p = 0.07), the SHYPO group trended toward the 

level seen in IBA.  

 Expression in the PVN showed no difference throughout feeding transitions 

(Figure 10b, F (3, 11) = 0.2574, p = 0.855).   

 However, an ANOVA showed significant c-fos expression changes in the LAT 

(figure 10c; F (3,11) = 4.221, p = 0.032). HYPER had increased expression compared to 

SHYPO (p = 0.029). FHYPO (p = 0.071) and IBA (p = 0.096) were also nearly 

significantly reduced compared to HYPER, showing that c-fos expression in the LAT 

decreases after HYPER.  

 Figure 11 verifies the location of c-fos expression with the proteins of interest 

based on overlap between c-fos cell bodies and protein expression.  
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Figure 9. Representative images of c-fos expression.  
c-fos expression in the hypothalamus of the thirteen-lined ground squirrel in 20x 
magnification shown over feeding transitions in the ARC, PVN, and LAT. 
 

 

Figure 10. Hypothalamic c-fos expression.  
Hypothalamic areas A) ARC, B) PVN, and C) LAT were analyzed for c-fos expression. p 
< 0.05* 
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Figure 11. Representative images of protein and c-fos merged. 
Images were taken throughout seasonal feeding transitions using immunohistochemistry 
staining and fluorescent microscopy imaging Green indicates protein staining for NPY in 
the ARC and PVN or OXA in the LAT. Red indicates c-fos staining. 
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DISCUSSION 

Overview 

Feeding is an important regulator of energy expenditure and balance, allowing 

animals to adapt to varied environmental conditions. Extreme feeding behaviors such as 

overeating and undereating can widely affect metabolism as seen seasonally in some 

animals and in human disorders such as obesity and anorexia, respectively. 

Understanding how feeding is regulated can potentially reveal therapies to prevent or 

treat metabolic and eating disorders at the neuronal circuit level. In this study, we utilized 

immunohistochemistry to visualize hypothalamic proteins that regulate feeding in the 

thirteen-lined ground squirrel, a hibernating mammal, throughout extreme feeding 

transitions pre-hibernation, during hibernation, and post-hibernation. 

NPY in Feeding Regulation 

Although NPY expression in the ARC fit the orexigenic seasonal patterns, overall 

neuronal activity in the ARC was not comparable because protein expression did not 

match neuronal activity. Instead, we saw increased protein expression during low 

neuronal activity. With that, we were unable to determine support for our hypothesis. 

Additionally, NPY expression in the PVN did not show any significance, but there was 

an increasing trend from HYPER to IBA and a slight decrease during SHYPO. However, 

c-fos expression indicated no difference throughout feeding transitions.  

It is known that NPY neurons in the ARC project to the PVN. During IBA, NPY 

expression in the ARC decreased, but neuronal activity increased. This could be showing 
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how NPY is being suppressed by other systems to inhibit food intake. Dark and Pelz 

(2008) showed in their research with Siberian hamsters, another hibernating animal 

model, that injecting NPY or a Y1 receptor agonist in the ARC caused torpor. Injecting 

NPY directly into the PVN in satiated rats also resulted in a dose-dependent increase in 

food intake (Stanley & Leibowitz, 1985). Additionally, ablation of the PVN in Siberian 

hamsters resulted in the inability to enter torpor and a continual increase in body weight 

(Ruby, 1994). Perhaps this suggests that Y1 receptors may not yet be active during 

HYPER, or that one receptor has a food intake function while the other has a torpor 

function. Multiple explanations are possible here, indicating a complex story of NPY 

regulation of food intake. Future studies may want to consider receptor modifications, 

particularly with Y1, Y2, Y5, and melanocortin-4 receptors throughout these feeding 

transitions in both the ARC and PVN to provide a better picture of the circuits involved 

in feeding.  

OXA in Feeding Regulation 

Interestingly, OXA and neuronal expression showed significant differential 

expression during fall feeding, fasting and the spring feeding. Schwartz et al 2015 

showed similar trends during the fall transition where they saw increased OXA 

transcriptome levels during HYPER and decreased levels during fall hypophagia. 

Additionally, they also saw low OXA transcriptome levels during IBA (Schwartz et al., 

2013). Based on these results and supporting research, our hypothesis for OXA was 

supported.  

From what we know about the orexin pathways, glucose and OXA work together 

in a negative feedback system. When glucose concentrations increase, OXA decreases 
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and vice versa. Increased OXA levels promote feeding. Additionally, OXA neurons from 

the LAT and NPY neurons in the ARC project to each other. Future studies may want to 

consider orexin knock-out studies to see how feeding behavior changes or in conjunction 

with NPY studies to visualize overall feeding behavior circuitry. It should also include 

double staining analysis of which c-fos neurons co-express with the protein of interest to 

narrow down specifically what type of neurons were active. Our study mainly focused on 

orexigenic signaling. Therefore, it would be beneficial to include anorexigenic signaling 

because our antibody for POMC was unsuccessful. It would also be interesting to see 

peripheral peptide levels to provide systemic visualization of feeding regulation.   

Hypothalamic Control Throughout Seasonal Feeding Transitions and 

Translatability of Hibernation Research 

The thirteen-lined ground squirrel is a fat-storing hibernator, so to survive the 

fasting conditions of hibernation, the animal needs to consume enough food to produce 

fat stores for energy. These physiological changes the ground squirrel goes through in 

preparation for hibernation provides a unique natural model that demonstrates realistic 

capabilities of mammalian adaptations.  

Consistent with genetically modified rodents, the thirteen-lined ground squirrel 

provides a natural model to explore neuronal circuit changes without genetic 

modification. Utilizing natural models such as the thirteen-lined ground squirrel can 

provide other insights into physiological adaptations that are shown to be successful in 

survival that is not limited to just neuronal changes.  
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Limitations 

 Limitations in this study include human technical errors, small sample size, and 

unknown ages of wild-caught animals. Regardless, we were able to demonstrate 

significant results with the sample size that we had. Additionally, our anorexigenic 

protein antibodies were unsuccessful so we were only able to explore and describe 

orexigenic changes throughout the feeding transitions.  

Conclusion/Summary 

 In conclusion, we were able to show proteomic changes that regulate feeding 

behavior in the thirteen-lined ground squirrel. Figure 12 shows how NPY and OXA 

changes throughout the feeding transitions to regulate food intake. Feeding-related gene 

and protein expression is important to understand and provide insight to metabolic and 

feeding-related dysfunction in humans. Using a hibernating model can benefit scientists 

to study extreme feeding and other stress-related behaviors in a model where events are 

naturally occurring.  
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Figure 12. Summarizing figure for NPY and OXA expression during hyperphagia.  
Significant increase in NPY and OXA expression may promote food intake during 
periods of hyperphagia. Decreased expression of NPY and OXA occur during periods of 
decreased food intake and fasting. Abbreviations: PVN: paraventricular hypothalamus, 
ARC: arcuate nucleus, HCRT: orexin/hypocretin, LAT: lateral hypothalamus, NPY: 
neuropeptide Y, POMC: proopiomelanocortin 
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