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ABSTRACT 
Broeckel, G. Seasonal differences in brain anatomy and cell proliferation in hibernating 
thirteen-lined ground squirrels (Ictidomys tridecemlineatus). MS in Biology – Physiology 
Concentration, May 2020, 62pp. (C. Schwartz) 

 
 Hibernation is characterized by cyclical periods of rest (torpor) and arousal 
(IBAs). During torpor, neurons in non-vital regions in the brain disconnect from one 
another and reconnect upon arousal into IBA. However, neurons in vital regions likely 
retain connections and activity throughout torpor, and therefore employ different 
protective mechanisms. The goal of this study was to examine potential neuroprotective 
strategies employed by non-vital and vital regions. We studied seasonal differences 
(torpor, summer, and IBA) in neuron number/size, average %area of astrocytes, and cell 
proliferation, in vital and non-vital regions of Thirteen-lined ground squirrels. We 
observed more neurons in the somatosensory cortex (SSC) during torpor compared to 
summer. We also observed a greater %area of astrocytes in torpor compared to summer 
for nearly all analyzed regions. Finally, we identified potential evidence of cell 
proliferation in both vital and non-vital regions using a known proliferation marker, 
finding a significant increase in the number of proliferating cells in the SSC during IBA 
compared to summer. Overall these results suggest that during hibernation, the ground 
squirrel brain is dynamic and likely utilizes several supportive and neuroprotective 
strategies for cell survival, including both increased neuronal support by astrocytes and 
neuron replacement strategies.  
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INTRODUCTION 

Alzheimer’s and Parkinson’s diseases are neurodegenerative disorders that result 

from the destruction and death of neurons. The death of these neurons can cause pain, 

memory loss, motor problems, and a vast array of problems that hinder one’s quality of 

life (Tam et al., 2014). Aside from critical periods of development, neurons of the central 

nervous system (CNS) have a limited ability to duplicate or repair themselves (Huebner 

E. A. & S. M. Strittmatter, 2009). However, the connectivity of the brain is not static, as 

increased activation of a group of neurons can lead to cellular survival and strengthening 

of the synaptic connections (Anderson et al., 2007; Escobar & Derrick, 2007). Plasticity 

like this could serve a protective function in combatting neurodegenerative diseases by 

creating or strengthening connections to make up for cell losses. Thirteen-lined ground 

squirrels (Ictidomys tridecemlineatus) serve as a potential source for understanding the 

regulation of plasticity of CNS neurons because of their unique and extreme physiology 

during hibernation.  

Hibernation is a cyclical process, alternating between periods of torpor, which last 

one to two weeks, and interbout arousals (IBA), which last 24-48 hours (Figure 1). 

During torpor, Thirteen-lined ground squirrels experience drastic physiological changes: 

body temperature drops to near freezing, most cellular processes are halted, and heart 

rate, metabolism, and respiration decrease by up to 95% (Carey et al., 2003).
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Figure 1. A graphical representation of a yearly hibernation cycle in Thirteen-lined 
ground squirrels. Animals are actively foraging and increasing fat stores from April 
towards the end of October, where they experience shallow bouts of torpor and a slight 
reduction in body temperature. Animals enter their first deep torpor in late October/early 
November and periodically wake up into an interbout arousal (IBA) for 24-48 hours. 
Animals then enter back into a period of torpor and repeat this cycle until March/April. 

In many regions of the brain, there is also a disconnection of neurons during 

torpor, as evidenced by a reduction in dendritic spines (Margariños et al., 2006; Popov et 

al., 1992; von der Ohe et al., 2006) and separation of synaptic proteins (von der Ohe et 

al., 2007). This disconnection likely serves an energy saving function, as maintaining 

synapses requires a significant amount of energy, and a protective function, due to the 

possibility of synaptic dysfunction or cell death during torpor and arousal to IBA (Arendt, 

2004; Ballinger et al., 2017; Carey et al., 2003; von der Ohe et al., 2006). Amazingly, 

decreased physiological processes return to normal and the disconnected neurons are 

reconnected by the time the animal reaches IBA, which occurs in only a few hours (Carey 

et al., 2003; von der Ohe et al., 2007).  

Importantly, the areas that exhibited this plasticity in the Thirteen-lined ground 

squirrel brain during hibernation were found in regions of the brain that are not vital to 
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hibernation, like the cerebral cortex (von der Ohe et al., 2007). Previous work has shown 

that the hypothalamus and brain stem maintain some level of activity during torpor, while 

most other brain regions do not (Bratincsak et al., 2007; Heller, 1979). The hypothalamus 

controls many seasonal functions and the brain stem controls many basic life functions 

(Drew et al., 2006), so these areas are important even during hibernation. Transcriptional 

evidence from the hypothalamus indicates that plasticity does not occur there (Schwartz 

et al., 2013), supporting the idea that connections in the hypothalamus are likely 

necessary for initiating and maintaining hibernation.  

If the vital areas of the hibernator brain are not undergoing the same plasticity 
seen in non-vital areas, then areas such as the hypothalamus would likely have 
a different strategy for saving energy and maintaining survival during torpor 
and the transition to IBA. This could be achieved through a change in the 
number or size of neurons, a change in the number or size of supporting cells 
(glia), or through the rapid replacement of damaged cells.  

 
This study specifically investigated changes that might be involved in the 

protection of vital neurons during torpor. Non-vital regions, such as the cerebral cortex, 

were also examined to determine if these regions employ other methods in addition to, or 

to supplement, plasticity for survival and save energy during hibernation. 

Objectives 

Objective 1: Neuron Number and Size 

Hibernation consists of extreme physiological changes which can put a lot of 

stress on the brain. Previous work shows that there is no net damage as a result of 

hibernation (Frerich et al., 1994) and the brain areas that undergo plasticity do not exhibit 

any protein loss (von der Ohe et al., 2007). However, it is unclear if there is a seasonal 

change in neuron number or size. A reduction in neuron number or size in non-vital 

regions during torpor would result in less consumption of energy in these regions. 
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A reduction in neuron number and/or size non-vital regions may serve to divert 
energy, and energetic substrates, to vital regions. If this is true, we expect a reduction 
in number and/or size of neurons in non-vital regions during torpor compared to both 
summer and IBA. Neuron number and size, however, would not be expected to 
change in vital regions between summer, torpor, and IBA.  

 
We used Cresyl violet staining to count and measure neurons in brains from animals 

during summer, torpor, and IBA, to determine if any seasonal changes in neuron size or 

number occur.  

Objective 2: Astrocyte Number and Size 

Glial cells are the most abundant cell type in the CNS. Astrocytes, a specific type of 

glial cell, are vital in the protection and support of neurons and their connections 

(Sofroniew & Vinters, 2010). Although glial cells are vital for CNS function, the 

relationship between astrocytes and hibernation has not been thoroughly examined. The 

goal of this objective is to provide more information on this subject. We hypothesized 

that an increase in astrocyte size during torpor could be one way the brain provides the 

necessary energy and environment for the rapid reconnection of synapses during arousal 

to IBA. Because an increase in glial size would likely require more energy to sustain its 

function, it is important to recognize that astrocytes do not necessarily use the same fuel 

source as neurons (Bélanger et al., 2011). Additionally, these glial cells could help 

protect the vital neurons that do not exhibit plasticity, like in the hypothalamus.  

If astrocytes serve an energy-saving or neuroprotective mechanism, we expect a 
global increase in size of astrocytes during torpor and IBA compared to summer. 
Because increasing astrocyte number requires consumption of significant energetic 
resources, we expect no seasonal differences in astrocyte number in both vital and 
non-vital regions.  
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Using glial fibrillary action protein (GFAP) as a cytoplasmic marker of astrocytes, 

immunohistochemistry allowed us to view any differences in size and number of glial 

cells between summer, torpor, and IBA.  

Objective 3: Cell Proliferation 

A seasonal increase in mitosis would allow the brain to replace any damaged cells 

that might result from hibernation. As mentioned previously, there is no net damage as a 

result of hibernation (Frerich et al., 1994), but it is unclear if there is no damage 

occurring, if the cells are rapidly replaced, or if the cells are being repaired during arousal 

from torpor to IBA. This objective investigated whether there is any seasonal production 

of new cells in different regions of the brain.  

Because proliferation has been demonstrated to halt during torpor, we would expect 
cell proliferation to be significantly lower in all regions of the brain during torpor than 
both summer and IBA time-points (Popov et al, 2011). Additionally, if cells are lost in 
non-vital regions during the hibernation process, the losses are more likely to occur 
during torpor rather than IBA because of the extreme physiology of torpor. Therefore, 
we expect cell proliferation to be greater during IBA than summer. Because we don’t 
expect any seasonal change in neuron number in vital regions, cell proliferation would 
likely be equal between summer and IBA, while reduced in torpor, as previously 
mentioned. 

 
Expression of Ki67 was used as a marker of cell proliferation and analyzed using 

immunohistochemistry. 
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MATERIALS AND METHODS 

The animals used for these experiments are wild-caught in the summer in the La 

Crosse area. An Institutional Animal Care and Use Committee (IACUC) proposal was 

approved for this work (2018, #4-18). Three time points have been chosen for 

comparison in order to extract the most relevant information about seasonal changes in 

neurons and glial cells: Torpor, IBA, and Summer. The torpor and IBA time points 

provide a comparison of the extremes of hibernation. These groups are kept in 

hibernation conditions: 5°C ambient temperature, complete darkness, and with no food 

available. Summer animals are non-hibernating, active animals. This time point 

represents a non-hibernating control group. These animals are kept in standard lab 

conditions: ~22°C, 12:12 light/dark cycle, with free access to food. Whole brains were 

collected at all time points. For Objective 1, animal brains (7F, 11M) were collected and 

stored at each time point using the fresh-frozen method. This method includes 

euthanization of the animal, brain extraction, and immediate freezing of the brain in 

Optimal Cutting Temperature (OCT) media. For Objective 2 and 3, animal brains (9F, 

6M) were collected through a method called perfusion, which preserves the structural 

integrity of the brains. Perfusion includes euthanization followed by surgically threading 

of a cannula and pumping 0.9% NaCl solution into the aorta with a perfusion pump. The 

purpose is to flush out the blood of the animal. Once the blood was been removed, 4% 

paraformaldehyde (PFA) solution was then pumped into the animal through the aorta as 

well. After perfusion of PFA, the animal’s brain was dissected and removed and stored 
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overnight in PFA. The next day, the brain was transferred into a 5% sucrose solution, 

where it was left for another two days before being transferred into a 10% sucrose 

solution. Every two days, the brain is transferred to a higher percent sucrose, at 15%, 

20%, and 30% respectively. After sitting in the 30% sucrose solution for two days, the 

brains were then ready for freezing in OCT media. We analyzed the somatosensory 

cortex (SSC), the motor cortex (MC), the anterior cingulate cortex (ACC), the lateral 

septum (LS), medial septum (MS), paraventricular nucleus of the hypothalamus (PVN), 

the dentate gyrus of the hippocampus (DG), and the supraoptic nucleus (SO) throughout 

this study (Figure 2). We considered the SSC, MC, ACC, LS, MS, and DG, non-vital, as 

they demonstrate neuroplasticity throughout the hibernation cycle and are not known to 

be vital for basic survival, nor the hibernation process. The PVN and SO were considered 

vital regions, as they are part of the hypothalamus which is vital for survival and does not 

demonstrate plasticity throughout hibernation. 
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Figure 2. Representative, cross-sectional images of the brain regions under investigation 
in Thirteen-lined ground squirrels.  
 
 

METHODS FOR OBJECTIVE 1: NEURON NUMBER AND SIZE 

Fresh frozen brains were mounted and thinly sliced (18μm) in a cryostat at a 

temperature of -20°C to -25°C. Adjacent brain slices were placed onto separate slides in 

order to use the entire brain for multiple analyses. Specifically, we created 10 sets of 

microscope slides, which accounted for the brain regions extending just posterior to the 

olfactory bulb to the most posterior aspect of the hippocampus. Occasionally, a brain 

slice was lost due to extreme folding, scratching, or other error after slicing. 

Nevertheless, the number of brain slices lost was minimal. All sets were left to dry for 

24-48 hours after slicing. 

A) C) 

AB  C 

ACC 

LS 

MS 

B) 

PVN 

DG 

ACC: Anterior cingulate cortex 
DG: Dentate gyrus of hippocampus 
LS: Lateral septum 
MC: Primary motor cortex 
MS: Medial septum 
 

PVN: Paraventricular nucleus of  
          hypothalamus 
SSC: Primary somatosensory cortex 
SO: Supraoptic Nucleus 

SO 

SSC 
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After slicing, a Cresyl Violet Nissl stain was used on one set of slides. This 

staining process involves rehydrating the brain slices, applying the stain, dehydrating 

using ethanol, clearing with xylenes and coverslipping. The Cresyl Violet stain allows for 

the imaging of a neuron’s RNA and the cell’s structure, so that we could count the 

number of neurons, as well as analyze the size of those neurons under a light microscope. 

It is possible that some cells, such as microglia cells, were also stained in the process. 

However, we attempted to rule out these non-neuronal cells by adjusting our analyses 

accordingly. Adjustments are outlined in the region-specific methods section. Slides were 

then placed under a Nikon microscope, using NIS Elements to take pictures of the 

regions of interest (Figure 2). We then used ImageJ to count the number of neurons 

within each brain region of interest, as well as determine the average size of the neurons

 in that same region. Different methods of analysis were used depending on the studied 

brain region, which is highlighted in the region-specific method section. Single-factor 

analysis of variance (ANOVA) tests were run to analyze any differences between 

seasons.  

Somatosensory Cortex 

Images of the somatosensory cortex were taken from the brain slices anterior to 

the formation of the hippocampus (Figure 3A/B). These images were taken under 10x 

magnification, with the cortex extending vertically down the image (Figure 3C). We used 

the pyramidal neurons as an identifier for layer 5 of the cortex, as they are more 

histologically identifiable than other regions of the cortex. We only looked at this region 
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because there appeared to be some variability in the thickness of the cortex between 

brains, and so this provided a consistent region for analysis. In addition, only 10 images 

were analyzed for further consistency between all seasons, as well as the consistency 

between brains within each season. We then used ImageJ to perform the analysis of 

neuron number and size. An image of the somatosensory cortex was opened in ImageJ 

and converted to a 32-bit greyscale image. Afterwards, a selection box was created using 

a width of 1,000 and a length of 2,000 pixels and placed over layer 5 of the cortex (Figure 

3C). 

  
 

 

 

 

Figure 3. A) A representation of the brain of a Thirteen-lined ground squirrel, showing 
the region in which a cross-sectional brain slice was obtained. B) A cross-sectional 
visualization of the brain, including the somatosensory cortex (SSC). C). An image of 
neurons and the analysis box used to quantify the average number and size of neurons. 
 

After placing the selection box over layer 5 of the cortex, the image threshold was 

increased by approximately 3% from the default. This ensured that the outer borders of 

the neurons were included in the size analysis. The increased threshold also included any 

neurons that were lighter than the others so that they would not be missed in counting the 

number of neurons. 

Finally, the image was analyzed using a pixel size of 850 – 1,999 pixel^2 for 

small neuron counts and 2,000 – 10,000 pixel^2 for large pyramidal neuron counts. 

SSC 

A) C) B) 
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Together, the two measurements of large and small neurons demonstrated a pixel range 

of 850 – 10,000 pixel^2. Initially, an analysis of size 0 – infinity pixel^2 was ran to 

determine the lowest possible size of the neurons we were looking for, while also 

excluding any non-neuronal cells. In this case, neurons appeared to be at least 950 

pixel^2, so 850 was chosen in order to account for small variations in the lower size 

boundary. The same method goes for the upper boundary of 10,000 pixel^2. In addition, 

neurons that were close together or overlapping often had a size greater than 10,000 

pixel^2, and were therefore excluded from the count. The compilation of large and small 

analyses represented total neuron count and overall neuron size for the animal. Once we 

had the average number and size of neurons per brain, we were able to conduct a single-

factor ANOVA in Microsoft Excel to determine any differences between summer, torpor, 

and IBA. 

Motor Cortex  

Methods for the MC are the same as the SSC. Once we had the average number 

and size of neurons per brain, we were able to conduct a single-factor ANOVA in 

Microsoft Excel to determine any differences between summer, torpor, and IBA. 

Anterior Cingulate  

The ACC was analyzed using the same methods as the SSC, however, the cortical 

layers were not as distinguishable as the SSC. Therefore, we used a 2,000x2,000 pixel^2 

selection box to analyze most of the neurons through layers 2-6 in the ACC. 

Lateral Septum  

Images of the lateral septum were taken at 10x magnification, and anterior to the 

formation of the hippocampus (Figure 2A). After an image of the LS was opened in 
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Image J, the brightness and contrast was increased by one “auto.” The rest of the methods 

follow the SSC, except a selection circle of 2,000x2,000 pixel^2 was used. 

Medial Septum  

Images of the medial septum were taken at 10x magnification, and anterior to the 

formation of the hippocampus (Figure 2A). After an image of the MS was opened in 

Image J, the brightness and contrast was increased by one “auto.” The rest of the methods 

follow the SSC, except a selection circle of 1,500x1,500 pixel^2 was used.  

Paraventricular Nucleus of Hypothalamus 

Images of the paraventricular nucleus of the hypothalamus (PVN) were taken at 10x 

magnification. The number of images per brain varied from 3 – 10 images, possibly due 

to lost brain slices from cryostat troubles during brain slicing in the cryostat. The PVN is 

located more medially in the brain, between the formation of the septal nuclei and the 

formation of the hippocampus (Figure 2B). We were sometimes able to capture the PVN 

of both hemispheres in one image, which accounted for the low number of total images 

taken in some brains. In addition, there was a low sample size in both torpor and IBA, as 

this region was difficult to locate because of its small size. Therefore, we combined these 

two seasons into a single “Hibernation” season during the analysis. We then used ImageJ 

to perform the analysis of neuron number and size. The methods in this section are the 

same as the SSC, except we used a selection circle of 1,000x1,000 pixel^2, and the image 

threshold was increased by approximately 1% from the default. Once we had the average 

number and size of neurons per brain, we were able to conduct a single-factor ANOVA in 

Microsoft Excel to determine any differences between summer and hibernation. 
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Dentate Gyrus of Hippocampus 

Images of the dentate gyrus were taken beginning at the formation of the 

identifying “arrow” of the hippocampus, at 40x magnification (Figure 4A/B). Because 

the neurons of the dentate gyrus are close together, using the methods as described 

previously was not effective (Figure 4C). Instead, we decided to analyze the number of 

cells based on the number of nuclei in a specified box. In addition, only 7 images were 

analyzed for further consistency between all seasons, as well as the consistency between 

brains within each season. We used ImageJ to perform the analysis of the number of 

nuclei. 

 
 
 
 
 

 
 
Figure 4. A) A representation of the brain of a Thirteen-lined ground squirrel, showing 
the region in which a cross-sectional brain slice was obtained. B) A cross-sectional 
visualization of the brain, including the dentate gyrus of the hippocampus (DG). C) An 
image of the compact DG neurons, taken at 40x magnification. This image was taken 
from the very tip of the “arrow” feature of the hippocampus, as seen in cross-sectional 
slicing of the brain.  
 

An image of the dentate gyrus was opened in ImageJ and converted to a 32-bit, 

black and white image. Afterwards, a selection box was created using a width of 1,000 

and a length of 1,000 pixels and placed over a region of the dentate gyrus, closest to the 

formation of the arrow. After placing the selection box, the image brightness and contrast 

was increased by pressing “auto” once. This ensured that the darker regions of the 

neurons (presumably the nuclei) were made darker, and the lighter regions were made 

DG 

A) B) C) 
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lighter, for a greater accuracy in counting. Finally, we used the “find maxima” feature to 

count the number of nuclei in the selection box. We gave the “noise tolerance” a value of 

25.00, and made sure to check the box that said “light background.” We then chose the 

option of “count,” as opposed to the default “point selection,” in the drop-down menu for 

our analysis. This count only included the number of point maxima in the selection box 

(number of cell nuclei), therefore size measurements were not taken for the dentate gyrus.  

Images were excluded in our analysis for two reasons: the image was too washed 

out and increasing the brightness and contrast allow for proper identification of the 

maxima during analysis, or if the “previewed point selection” did not properly align with 

the darkest regions/nuclei within the selection box. Only a minimal number of images 

were omitted from our analysis. 

Results were displayed in a pop-up window and were imported into Microsoft 

Excel for analysis. This process was done three times per image, moving the selection 

box to an adjacent portion that did not overlap with the previous selection box. This 

allowed us to get an average number of nuclei per image of the dentate gyrus. We then 

took an average of this number across all 7 images of this region. This gave us the 

average number of dentate gyrus nuclei per brain. All images of the dentate gyrus used 

these methods. Once we had the average number of nuclei per brain, we were able to 

conduct a single-factor ANOVA in Microsoft Excel to determine any differences 

between summer, torpor, and IBA. 
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OBJECTIVE 1 RESULTS: ANALYSIS OF NEURON NUMBER AND SIZE 

Somatosensory Cortex  

 An analysis of variance demonstrated no significant effect of season on the 

average number of small neurons (F(2, 16) = 1.376, p = 0.280) or large neurons (F(2, 16) 

= 1.845, p = 0.190), but we did see a significant difference in the average total number of 

neurons (F(2, 16) = 4.354,  p = 0.031) (Table 1).  Post-hoc comparisons using the Tukey 

HSD test indicated that the total average number of neurons during summer (M = 110.70 

+/- 1.155) was significantly different from the total average number of neurons during 

torpor (M = 120.30 +/- 2.573). However, the total average number of neurons in IBA did 

not differ (M = 111.88 +/- 3.410) from summer or torpor (Table 1, Figure 5A). These 

results suggest that a higher total number of neurons are present in layer 5 of the 

somatosensory cortex during torpor than in summer.  

An analysis of variance demonstrated no significant effect of season on the 

average size of small neurons (F(2, 16) = 1.806, p = 0.196), large neurons (F(2, 16) = 

1.093, p = 0.359), or the overall average size of neurons (F(2, 16) = 1.093, p = 0.359) 

(Table 1, Figure 5G). 

Motor Cortex  

An analysis of variance demonstrated no significant effect of season on the average 

number of small neurons (F(2, 14) = 0.490, p = 0.623), large neurons (F(2, 14) = 1.104, p 

= 0.359), or the average total number of neurons (F(2, 14) = 1.016, p = 0.387) (Table 1, 
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Figure 5B). An analysis of variance demonstrated no significant effect of season on the 

average size of small neurons (F(2, 14) = 0.490, p = 0.623), large neurons (F(2, 14) =

2.436, p = 0.124), or the average overall size of neurons (F(2, 14) = 1.332, p = 0.296) 

(Table 1, Figure 5H).  

Anterior Cingulate Cortex  

An analysis of variance demonstrated no significant effect of season on the 

average number of small neurons (F(2, 16) = 0.464, p = 0.637), large neurons (F(2, 16) = 

0.807, p = 0.464), or total number of neurons (F(2, 16) = 0.907, p = 0.423) (Table 1, 

Figure 5C). An analysis of variance demonstrated no significant effect of season on the 

average size of small neurons (F(2, 16) = 1.092, p = 0.359), large neurons (F(2, 16) = 

1.921, p = 0.176), or the overall average size of neurons (F(2, 16) = 1.372, p = 0.282) 

(Table 1, Figure 5I). 

Lateral Septum  

An analysis of variance demonstrated no significant effect of season on the 

average number of neurons, F(2, 15) = 1.030, p = 0.381 (Table 1, Figure 5D). An 

analysis of variance demonstrated no significant effect of season on the average size of 

neurons, F(2, 15) = 1.010, p = 0.388 (Table 1, Figure 5J). 

Medial Septum  

An analysis of variance demonstrated no significant effect of season on the 

average number medial septum neurons, F(2, 14) = 1.641, p = 0.229 (Table 1). The lack 

of observed differences is also demonstrated graphically (Figure 5E). An analysis of 

variance demonstrated no significant effect of season on the average size of neurons, F(2, 

14) = 0.030, p = 0.970 (Table 1, Figure 5K).  
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Paraventricular Nucleus of Hypothalamus 

An analysis of variance demonstrated no significant effect of season on the average 

number of PVN neurons, F(1, 8) = 2.057, p = 0.189 (Table 1, Figure 5F). An analysis of 

variance demonstrated no significant effect of season on the average size of PVN 

neurons, F(1, 8) = 0.933, p = 0.362 (Table 1, Figure 5L). We combined torpor and IBA in 

the PVN due to low available data on torpor and IBA alone. 

Dentate Gyrus  

An analysis of variance demonstrated no significant effect of season on the 

average number of neurons (estimated by number of cell nuclei), F(2, 15) = 0.485, p = 

0.625 (Figure 6).  

Table 1. Descriptive statistics of seasonal differences in the total average neuron counts 
and the overall average neuron sizes (850-10,000 pixel^2) within the layer 5 of the 
somatosensory (SSC) and motor cortices (MC), the anterior cingulate cortex (ACC), the 
lateral septum (LS), medial septum (MS), and the paraventricular nucleus of the 
hypothalamus (PVN). Results of single-factor ANOVA for each region are included, as 
well as the number of brains per season (n).  
 

  Average Neuron Count(n)   
Region Summer Torpor IBA df p 

SSC 110.7(6)b 120.3(7)a 111.9(6)ab 18 0.031* 
MC 128.3(4) 126.8(7) 121.7(6) 16 0.387 
ACC 333.1(6) 349.7(7) 334.0(6) 18 0.423 
LS 191.3(6) 204.8(6) 206.0(6) 17 0.381 
MS 120.8(5) 117.7(6) 109.8(6) 16 0.229 

  Hibernation   
PVN 74.2(4) 82.5(6) 9 0.189 

  Average Neuron Size(n)   
Region Summer Torpor IBA df p 

SSC 2,498.1(6) 2,473.2(7) 2502.0(6) 18 0.928 
MC 2,586.3(4) 2,566.9(7) 2,627.3(6) 16 0.296 
ACC 2,122.5(6) 2,154.9(7) 2,219.8(6) 18 0.282 
LS 1,580.2(6) 1,699.8(6) 1,666.1(6) 17 0.388 
MS 1,543.8(5) 1,550.8(6) 1,530.8(6) 16 0.970 

  Hibernation  
PVN 1,702.3(4) 1,542.7(6) 9     0.362 

Note: Different letters indicate significant differences at p<0.05. (a is different from b, ab is not different from 
a or b). *indicates a significant p-value<0.05. 
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Figure 5. A seasonal comparison (summer (S), torpor (T), IBA, hibernation (H)) of the 
neuron number and size results in Thirteen-lined ground squirrels, using Cresyl Violet as 
a marker. A-F) Seasonal differences in the average number of neurons (850 – 10,000 
pixel^2) in the SSC, MC, ACC, LS, MS, and PVN. G-L) Seasonal differences in the 
average size of neurons (850 – 10,000 pixel^2) in the SSC, MC, ACC, LS, MS, and PVN. 
Standard error bars included for both number and size analyses. In this case, hibernation 
refers to the combined size analyses of both torpor and IBA animals. 
 Note: Different letters indicate significant differences at p<0.05. (a is different from b. ab is not different from 
a or b). 

 

Figure 6. Seasonal differences in the average number of neuron cell nuclei, per brain 
slice, in the dentate gyrus of the hippocampus in Thirteen-lined ground squirrels. 
Standard error bars are included for each season.
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METHODS FOR OBJECTIVE 2: ASTROCYTE NUMBER AND SIZE 

We collected brains from each season (summer, torpor, and IBA) which were then 

prepared using the perfusion technique and surrounded by OCT media. Brains were then 

mounted and thinly sliced (18μm) in a cryostat at a temperature of -20°C to -25°C. 

Adjacent brain slices were placed onto separate slides in order to use the entire brain for 

multiple analyses as previously stated. All sets were left to dry for 24-48 hours after 

slicing and stored in a freezer for future use 

For this objective, we used immunohistochemistry to investigate expression of 

glial fibrillary action protein (GFAP), a commonly used marker of astrocytes (Figure 7).  

 

Figure 7. An image of astrocytes within the somatosensory cortex (40x magnification) 
taken during torpor. Image is from Ictidomys tridecemlineatus, using GFAP as a marker.
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To begin, a set of brain slices were brought up to room temperature and dried. We 

traced around the brain sections with a PAP pen to create a hydrophobic barrier around 

the brain slices, allowing us to place a small amount of solution directly onto the brain. 

Once the PAP pen was dry, we performed two 15min washes using a Tris buffered saline 

(TBS) solution, with Triton-X as a detergent (TBS-TX), followed by an hour incubation 

in a 2% blocking solution (1% bovine serum albumin in TBS-Triton (TBS-TX; TBS with 

0.05% Triton-X 100)) to prevent background staining. We then prepared the primary 

antibody cocktail. The concentration we used was 1:2750, blocking solution:GFAP 

(Abcam ab7260). Once the primary cocktail was added to the brain slices, the slides were 

then placed at 4°C overnight (15-19 hours). 

The next day we performed 2 15 min washes in TBS-TX. Following this, we then 

incubated the slides in the secondary antibody cocktail, with a concentration of 1:2750, 

TBS-TX: Alexa Fluor® 488 (Thermo-Fisher #S32354) for one hour. Following this 

incubation, 2x15min TBS-TX washes were performed, followed by 3x5min TBS washes. 

All steps were done at room temperature, unless stated otherwise. Finally, the brains were 

coverslipped using a fluorescent mounting medium and allowed to dry before sealing 

them with clear nail-polish.  

For this objective, brain slices were viewed under a Nikon e80i fluorescent 

microscope, using NIS Elements to take pictures of astrocytes in each brain region at 40x 

magnification (Figure 9.2). As these astrocytes appear to have quite a bit of overlap, and 

do not have distinct outlines and barriers in our images, it was not possible to count the 

number of astrocytes in our samples without the use of another antibody. Nevertheless, 

we were able to analyze the overall area covered by astrocytes, which we called “average 



 

21 
 

%area.” We used ImageJ to determine the average %area covered by the astrocytes in 

each brain region. Brain regions under investigation include the SSC, ACC, MC, LS, and 

DG (Figure 8). Images of the SSC, ACC and MC were taken from the brain slices 

anterior to the formation of the hippocampus (Figure 2A/B). Images of the SSC, ACC, 

and MC were taken at a 1,392x1,040 pixels, 16-bit greyscale. Images of the LS were 

taken at 4,908x3,264 pixels, and images of the DG were taken at a 2,424x2,424 pixels. 

Both the LS and DG are 8-bit greyscale. All images were captured at an “auto” brightness 

level in order to best view the astrocytes. Only 6-10 images per animal were analyzed for 

further consistency between all seasons, as well as the consistency between brains within 

each season. We then used ImageJ to perform the analysis on the average %area of 

astrocytes.  
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Figure 8. Representative images of GFAP-positive astrocytes in each seasonal time point 
(summer, torpor, IBA), taken from the SSC, MC, ACC, LS, and DG.  
 

An image of astrocytes was opened in ImageJ (Figure 9A), where we created a 

selection circle and placed it over as many astrocytes as possible. In the SSC, ACC, and 

MC, we used a 1000x1000pixel^2 selection circle. We used a 2,000x2,000 circle in the LS, 

A) B) 
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and a 1,500x1,500 circle in the DG. For the most part, we were able to avoid any flaws in 

the image; air bubbles from coverslipping, minor brain folding, tears in the tissue itself, 

etc. If there were unavoidable image flaws, it was not included in the analysis.  

Next, we had to better isolate the astrocytes from the background. When taking the 

picture in NIS Elements, the “auto” brightness adjustment sometimes raised the 

background luminance, which would interfere with our analysis. To combat this, we 

subtracted the background using a “rolling ball radius” of 10 pixels in the SSC, ACC, and 

MC (Figure 9B). In the LS and DG we used a radius of 40, as contrast was maintained. 

Afterwards, we created a threshold over the image, using “moments” as our threshold type 

instead of the default for the SSC, ACC, and MC (Figure 9C). We used “triangle” in the 

LS and DG. Once we added the threshold, we then “despeckled” the selection circle, which 

removed fuzziness of astrocytes and any lingering background staining (Figure 9D). 
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Figure 9. Images of astrocytes in the somatosensory cortex (40x magnification) of 
Ictidomys tridecemlineatus. A) Represents the image imported into ImageJ prior to 
analysis. B) The same image of astrocytes after subtracting the background luminance 
using a “rolling ball radius” of 10 pixels. C) After subtracting the background, a threshold 
was created over the image using “moments” instead of the default thresholding method. 
D) After “despeckling” the image, the astrocytes become less fuzzy and very small pixels 
that were not removed by the rolling ball radius are deleted.  
 

The previous steps lead to a more conservative representation of the average 

%area covered by the astrocytes, meaning we did lose some astrocytic projections in our 

analysis. However, these steps were necessary in order to best isolate the astrocytes for 

analysis, and any losses were minor. This loss of projections was also consistent 

throughout all seasonal analyses, which would not have affected our results. We then 

analyzed the particles that were 30+ pixel^2 in the SSC, ACC, and MC, 100+ pixel^2 in 

the LS, and 75+ pixel^2 in the DG. We found that this pixel size removed any small 

thresholded pixels that might not truly be astrocytes. Results were displayed in a pop-up 

A) B) 

C) D) 
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window and were carried over to Microsoft Excel for analysis. Finally, the average %area 

covered by astrocytes was determined across all images in one brain. Once we calculated 

the average %area for each brain per season, we were able to conduct a single-factor 

ANOVA in Microsoft Excel to determine any differences between summer, torpor, and 

IBA. In the LS and DG, we combined torpor and IBA into “hibernation” due to lack of 

torpor brains. Post-hoc analysis was conducted in SPSS Statistics.  
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OBJECTIVE 2 RESULTS: ANALYSIS OF ASTROCYTE NUMBER AND SIZE 

Somatosensory Cortex 

An analysis of variance demonstrated a significant effect of season on the average 

%area, F(2, 9) = 4.643, p = 0.04 (Table 2). Post-hoc comparisons using the Tukey HSD 

test indicated that the average %area of astrocytes during summer (M = 1.950 +/- 0.123) 

was significantly lower than the average %area during torpor (M = 3.151 +/- 0.523). 

However, the average %area in IBA did not differ (M = 2.502 +/- 0.243) from summer or 

torpor (Table 2, Figure 10A). These results suggest that astrocytes in the somatosensory 

cortex are covering a greater %area during torpor compared to summer.  

Motor Cortex 

An analysis of variance demonstrated a significant effect of season on the average 

%area, F(2, 9) = 9.474, p = 0.006 (Table 2). Post-hoc comparisons using the Tukey HSD 

test indicated that the average %area of astrocytes during summer (M = 2.430 +/- 0.156) 

was significantly different from the average %area during torpor (M = 3.911 +/- 0.364). 

However, the average %area in IBA did not differ (M = 3.073 +/- 0.239) from summer or 

torpor (Table 2, Figure 10B). These results suggest that astrocytes in the motor cortex are 

covering a greater %area during torpor compared to summer.  

Anterior Cingulate Cortex 

An analysis of variance demonstrated a significant effect of season on the average 

%area, F(2, 9) = 22.043, p < .005 (Table 2). Post-hoc comparisons using the Tukey HSD 

test indicated that the average %area of astrocytes during summer (M = 1.837 +/- 0.064) 
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was significantly different than both torpor (M = 3.400 +/- 0.192), and IBA (M = 2.681 

+/- 0.236). IBA also had significantly different %area covered compared to torpor (Table 

2, Figure 10C). These results suggest that astrocytes in the anterior cingulate cortex are 

covering a greater %area in torpor compared to both summer and IBA, and IBA had a 

greater %area covered compared to summer.  

Lateral Septum 

An analysis of variance demonstrated no significant effect of season on the 

average %area of astrocytes, F(1, 9) = 3.523, p = 0.105 (Table 2, Figure 10D).  

Dentate Gyrus of the Hippocampus 

An analysis of variance demonstrated a significant effect of season on the average 

%area, F(2, 9) = 9.474, p = 0.028 (Table 2). Our analysis demonstrated a significant 

difference in the average %area of astrocytes when comparing hibernation (M = 8.223 +/- 

0.428) to summer (M = 6.496 +/- 0.513) (Table 2, Figure 10E). 

 

Table 2. Descriptive statistics of seasonal differences in the average %area covered by 
astrocytes within the somatosensory cortex (SSC), the motor cortex (MC) the anterior 
cingulate cortex (ACC), the lateral septum (LS), and the dentate gyrus of the 
hippocampus (DG). Results of single-factor ANOVA for each region are included. For 
the LS and DG, torpor and IBA were combined and represent an overall “hibernation’ 
season. The number of brains per season is also included (n). 
 
 Average %area(n)   
Region Summer Torpor IBA df p 
SSC 1.950(5)b 3.151(3)a 2.502(4)ab 10 0.041* 
MC 2.430(5)b 3.911(3)a 3.073(4)ab 10 0.006* 
ACC 1.837(5)b 3.400(3)a 2.681(4)c 10 <0.005* 
  Hibernation   
LS 8.668(5) 10.383(6) 10 0.105 
DG 6.496(5)b 8.223(6)a 10 0.028* 

Note: Different letters indicate significant differences at p<0.05. (a is different from b. ab is not different from 
a or b).*indicates a significant p-value<0.05. 
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Figure 10. A seasonal comparison (summer (S), torpor (T), IBA, and hibernation (H)) of 
the average %area of astrocytes in Thirteen-lined ground squirrels, using GFAP as a 
marker. Letters A-E represent the SSC, MC, ACC, LS, and DG respectively. Standard 
error bars are included for each season. Hibernation is torpor and IBA combined. 
Note: Different letters indicate significant differences at p<0.05. (a is different from b. ab is not different 
from a or b).
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METHODS FOR OBJECTIVE 3: CELL PROLIFERATION 

We collected brains from each season (summer, torpor, and IBA) which were and 

sliced using same protocol as in Objective 2. In order to examine any seasonal 

differences in cell proliferation, we performed immunohistochemistry on the perfused 

brain slices using an antibody against Ki67, a marker of cell proliferation. We also 

included a Nissl and DAPI stain to confirm that Ki67 was being expressed in neurons 

(Nissl) and determine if Ki67 was being expressed in the nucleus (DAPI). The steps are 

the same as in Objective 2 up until the primary antibody cocktail. The concentration we 

used was 1:1000, blocking solution: Ki67 (Abcam ab15580). Once the primary cocktail 

was added to the brain slices, the slides were then incubated for 2 hours at room 

temperature. We then performed 2x15min TBS-TX washes and put the slides in the 

refrigerator at 4°C overnight for 16-20 hours.  

The next day we incubated the slides in secondary antibody cocktail with a 

concentration of 1:1000, TBS-TX: Alexa Fluor® 488 (Thermo-Fisher #S32354) for one 

hour. Following this incubation, 2x15min TBS-TX washes were performed, followed by 

2x5min TBS washes. During these TBS washes, we prepared the TBS/Nissl/DAPI 

cocktail for our final staining. The concentration used was 1:0.004:0.0101, (TBS: 

NeuroTrace 530/615 (Thermo-Fisher #21482): DAPI). The slides were incubated for 

30min, followed by a 1x10min TBS-TX wash and 3x5min TBS washes. All steps were 

done at room temperature, unless stated otherwise. Finally, the brains were coverslipped 
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using a fluorescent mounting medium and allowed to dry before sealing them with clear 

nail-polish 

 

Figure 11. Representative images of cells expressing Ki-67 in each seasonal time point 
(summer, torpor, IBA), taken from the SSC, MC, ACC, PVN, and SO. 
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For this objective, brain slices were viewed under a Nikon e80i fluorescent 

microscope, using NIS Elements to take pictures of cells expressing Ki67 at 40x 

magnification. The captured images were taken at a 1s-1.5s exposure (brightness) at a 

resolution of 4,908x3,264 pixels, 8-bit greyscale. We observed expression of Ki67 in the 

PVN and some expression in the ACC, MC, and SSC. We also included a new region, the 

supraoptic nucleus of the hypothalamus (SO), because Ki67 expression was especially 

prominent here (Figure 11). 

Because we were not sure if Ki67 expression was nuclear or in the cell body, we 

took three pictures at each region; one for Ki67, one for the Nissl stain, and one for 

DAPI. We then layered the images to create a merged image. This allowed us to 

determine the cellular location of Ki67 (Figure 12D). Expression of Ki67 appeared to be 

in the cell body in the PVN (Figure 12E), and we were able to conclude that Ki67 was 

being expressed in neurons (Figure 12D). It is important to note however, that Ki67 

expression was within the cell body, generally near the nucleus. We observed similar 

trends across all seasons in the SSC, MC, SSC, PVN, and SO. After confirming that the 

expression of Ki67 was neuronal, we were able to conduct our analyses.  
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Figure 12. Images of the paraventricular nucleus of the hypothalamus in a hibernating 
Thirteen-lined ground squirrel, taken at 40x magnification. A) Expression of Ki67, using 
Alexa Fluor® 488 as the secondary marker. B) DAPI stain of the same region as Ki67, 
highlighting multiple cell nuclei. C) Nissl stain to determine if the cells expressing Ki67 
are neuronal in nature, using Neurotrace 530/615 as the marker. Taken at the same region 
as Ki67. D) A Merged image of Ki67, DAPI, and the Nissl stain. E) A zoomed in image 
of a neuron that is expressing Ki67. Expression appears to be mostly within the cell body, 
as the green (Ki67) does not overlap very well with the cell’s nucleus in blue (DAPI). 
 

Because all regions under investigation shared nearly all the same methods 

(except for selection box size), they will be outlined here. Images of each brain region 

were taken in the same locations as previously mentioned in Objectives 1 and 2. An 

image of the PVN, ACC, MC, or SSC was opened in ImageJ and a selection box of 

A) B) 

C) 

D) 

E) 
DAPI 

Ki67 
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2,500x2,500 pixels was created. In the SO, we used a selection box of 2,000x2,000 

pixels. The “selection” was then “add[ed] to the overlay”, and then the overlay was 

transferred to the “ROI manager.” After the ROI manager was opened, the selection box 

appears in the ROI window. The selection box was then moved to cover a maximum 

number of Ki67-expressing cells. Next, we had to “update” the current location in the 

ROI manager, which fixed the selection box in place. This created a second selection box 

that is over the top of the previous selection box. After moving the second box out of the 

way, we were then able to use the “multi-point tool” to click on each of the cells 

expressing Ki67, giving us a cell count.  

The criteria we used for Ki67 expression are as follows: 1) The cells being 

counted must be partially or completely within the selection box. 2) There must be an 

area of pixels brighter than the background luminance. This bright spot must be 

surrounding, or next to, a darker spot (the cell’s nucleus). 3) This dark spot must also be 

darker than the background. This means the dark spot can range from slightly darker, to 

severely darker than the background luminance. 4) The brighter spot could be in the 

shape of a circle, half circle, crescent, or completely surrounding the dark spot. This 

bright spot can be speckled, or it can be solid. 5) If the bright spot is speckled, but only a 

very small number of speckles, the cell was not considered in the cell count. 6) If the 

bright spot was next to multiple dark spots, and partially encircled multiple dark spots, 

we considered this expression in multiple cells.  

Additionally, if we observed a cell that did not fit all criteria, or vaguely fit the 

criteria, it was not considered in the count. These criteria were put in place to maintain 

consistency between animals and seasons, as well as eliminate as much observer bias as 
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possible. Observer bias would include subjective definitions of “brighter than” or “darker 

than.” Demonstration of these cells meeting our different criteria can be seen in an image 

taken from the PVN (Figure 13). 

 
Figure 13. An image of cells falling under different Ki67 criteria. This picture was taken 
from the paraventricular nucleus of the hypothalamus at 40x magnification. Letters A-D 
demonstrate cells that match all criteria and were therefore counted in the analysis. Letter 
E demonstrates a bright spot next to, and encircling, two darker spots. We would consider 
this expression of Ki67 in two cells. Letter F vaguely fits our criteria, because it has a 
small and blurry bright spot, and only vaguely matches the shape criteria. Therefore, it 
would not be included in the cell count. Letter G represents cells that do not match our 
criteria, and therefore would not be included in the cell count. 
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OBJECTIVE 3 RESULTS: ANALYSIS OF CELL PROLIFERATION 

Somatosensory Cortex 

The results of a one-way between ANOVA (using the Brown-Forsythe correction 

for unequal variance) revealed a significant relationship between season (summer, torpor, 

IBA) and the average number of cells expressing Ki67, per brain slice, in the SSC, F(2, 

8) = 6.511, p = 0.038 (Table 3, Figure 14A). Post-hoc comparisons using the Tukey HSD 

test indicated that the average number of cells expressing Ki67 during IBA (M = 11.583, 

SD = 2.315) was significantly different from the average cell count during summer (M = 

7.646, SD = 1.355). However, the average cell count in torpor (M = 9.763, SD = 0.512) 

was not significantly different from summer or IBA (Table 3). These results suggest that 

the average number of cells expressing Ki67 is greater in IBA than compared to summer, 

but no different when compared to torpor, or comparing summer to torpor.  

Motor Cortex 

An analysis of variance demonstrated no significant effect of season on the 

average cell count, F(2, 8) = 0.932, p = 0.433 (Table 3, Figure 14B). 

Anterior Cingulate Cortex 

An analysis of variance demonstrated no significant effect of season on the 

average cell count, F(2, 8) = 2.358, p = 0.157 (Table 3, Figure 14C). 

Paraventricular Nucleus of Hypothalamus 

An analysis of variance demonstrated no significant effect of season on the 

average cell count, F(2, 12) = 0.931, p = 0.421 (Table 3, Figure 14D).
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Supraoptic Nucleus of Hypothalamus 

An analysis of variance demonstrated no significant effect of season on the 

average cell count, F(2, 10) = 0.471, p = 0.638 (Table 3, Figure 14E). 

Table 3. Descriptive statistics of seasonal differences in the average number of cells 
expressing Ki67 within the somatosensory cortex (SSC), the motor cortex (MC) the 
anterior cingulate cortex (ACC), the paraventricular nucleus of the hypothalamus (PVN) 
and the supraoptic nucleus (SO). Results of single-factor ANOVA, and the number of 
brains per season (n) for each region are included. 
 
  Average Cell Count(n)     
Region Summer Torpor IBA df p 
SSC 7.646(4)a 9.763(3)ab 11.583(4)b 8 0.038* 
MC 7.798(4) 7.256(3) 8.100(4) 10 0.433 
ACC 7.063(4) 7.378(3) 9.000(4) 10 0.157 
PVN 19.796(6) 18.935(5) 17.792(4) 14 0.421 
SO 22.722(5) 20.192(4) 22.502(4) 12 0.638 

Note: Different letters indicate significant differences at p<0.05(a is different from b. ab is not different from 
a or b). *indicates a significant p-value<0.05. 
 

 

Figure 14. A seasonal comparison (summer (S), torpor (T), IBA) of the average number 
of cells expressing Ki67 in Thirteen-lined ground squirrels. Letters A-E represent the 
SSC, MC, ACC, PVN, and SO respectively. Standard error bars are included for each 
season. Hibernation is torpor and IBA combined. 
 Note: Different letters indicate significant differences at p<0.05. (a is different from b. ab is not different 
from a or b). *indicates a significant p-value< 0.05. 
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DISCUSSION 

Objective 1: Analysis of Neuron Number and Size 

For our first objective, our goal was to examine any seasonal differences 

(summer, torpor, IBA) in neuron number or size. We hypothesized that a reduction in 

neuron number or size in non-vital regions during torpor may be one way that the ground 

squirrel spares energy for use by vital regions. If this is true, we would expect a reduction 

in size or number of neurons in non-vital regions during torpor compared to both summer 

and IBA. However, neuron number and size would not be expected to be different in vital 

regions between summer, torpor, and IBA.  

We examined six non-vital regions, including the somatosensory cortex (SSC), 

anterior cingulate cortex (ACC), motor cortex (MC), dentate gyrus of the hippocampus 

(DG), the lateral septum (LS), and the medial septum (MS). We observed no seasonal 

differences in neuron number or size in any non-vital regions, except for the SSC. 

Specifically, we observed a greater number of neurons within layer 5 of the SSC in torpor 

when compared to summer, but no differences between torpor and IBA, or IBA and 

summer. Therefore, our hypothesis about neuron number and size in non-vital regions of 

the brain was not supported. We also examined the paraventricular nucleus of the 

hypothalamus (PVN) and did not see any seasonal differences in number or size of 

neurons. These findings support our hypothesis that there would be no seasonal 

differences in neuron number and size in vital regions.
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The overall lack of differences in neuron number and size suggest that a reduction 

in these two factors might not serve as an energy sparing mechanism. Specifically, it is 

possible that decreasing activity in non-vital regions during torpor may sufficiently spare 

energetic substrates for use by vital regions. Research has demonstrated an increased 

storage of energy within the cortex during torpor, which coincides with a decreased 

activity in this non-vital region (Henry et al., 2007). If non-vital regions are not active 

and therefore have a lower energetic demand during torpor, it is logical that unused 

energy would be stored for future use, such as during arousal. This storage could be 

within the neurons of non-vital regions and/or within neighboring astrocytes as we 

hypothesized earlier. Furthermore, because these non-vital regions are storing energy, 

reducing the number of neurons might be counteractive because replacing those neurons 

upon arousal would require significant use of that stored energy. It would likely be more 

efficient to maintain the number of neurons as opposed to exhausting their energy supply 

through mitosis upon each arousal. 

Because non-vital regions are storing energy during torpor, energetic substrates 

from the blood could be preferentially used, as needed, by vital regions during both 

torpor and arousal. In addition, brain mitochondria appear to produce energy more 

efficiently during torpor and IBA when compared to summer. This suggests that the brain 

is better adapted to make use of any available energy during the arousal period (Ballinger 

et al., 2017). This increased storage of energetic substrates during torpor, coupled with a 

more efficient production of energy from those substrates upon arousal, may therefore be 

sufficient in keeping the organism alive throughout the hibernation process without 

actively reducing the number or size of neurons. 
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Although we did not observe a reduction in neuron number or size during torpor, 

we did observe a greater number of SSC neurons in torpor compared to summer. It is 

possible that even though there is not an overall loss of neurons, there may be a 

production of new cells to act as a buffer for any cells that are damaged during the 

arousal period, or to assist in a more rapid arousal from torpor. This would, however, 

require significant energy use as mentioned previously, and it is important to note that 

this occurred in only one of six non-vital regions. Therefore, this should not be 

generalized as a protective mechanism for all non-vital regions. 

Even though the SSC is not vital, it does play an important role in integrating 

tactile and proprioceptive information and communicating with the MC. Communication 

between sensory afferents, the thalamus, SSC and MC produces conscious movement and 

awareness of one’s self and surroundings (Borich et al., 2015). For this reason, we think 

that an increase in the number of neurons in the SSC could increase the speed of arousal 

from torpor. As neural activity begins to increase upon arousal, the SSC would have more 

neurons to integrate both external and internal stimuli. This idea is supported by the cold-

adaptivity of SSC neurons, including a preservation of resting membrane potential and 

action-potential-generating machinery during torpor. This preservation of function may 

be beneficial to quickly restore interaction with, and awareness of, the environment upon 

arousal (Hoffstaetter et al., 2018). Therefore, an increase in neuron number, combined 

with cold-adaptivity, could result in faster re-acquaintance with the environment, aiding 

in the rapid restoration of motor function during arousal from torpor.  

We must also acknowledge that even though the number of SSC neurons was 

significantly different between seasons, statistical significance does not always mean 
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biological significance. Part of our skepticism comes from this trend only appearing in 

one region of the cortex. Specifically, if seasonal differences promote restoration of 

motor function, we likely would have seen the same trend in the MC. Granted, we did 

only look at one layer out of six, which would therefore be a limitation to our study. We 

suggest examining all layers of the cortex in future studies, and if necessary, including 

cortical thickness as another factor aside from season. For example, a thicker cortex 

could mean the cells are less densely packed, decreasing the number of cells counted in 

the selection box. Importantly, we don’t know if these differences in neuron number are 

just within layer 5 of the SSC, or if this is a widespread phenomenon throughout multiple 

layers. 

Another limitation to this objective is the use of Cresyl Violet for our analysis. 

Cresyl Violet does stain neurons, but we noticed staining of other non-neuronal cells, 

potentially microglia or oligodendrocytes. We believe we accurately avoided non-

neuronal cells in our analysis by using pixel-size restrictions, however, we think it would 

be beneficial to examine this same objective using a different stain or antibody, such as 

NeuN, to see if similar trends in neuron number and size are observed (Gittins & 

Harrison, 2004). 

Our results demonstrate that a reduction in neuron number and size in non-vital 

regions is not likely an energy saving mechanism throughout hibernation. In contrast, our 

results show a greater number of neurons within the SSC, which might aid in restoration 

of motor function during arousal from torpor. We believe improving on our limitations in 

future research would benefit the understanding of any protective or facilitative 
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mechanisms throughout hibernation, and better clarify if there are seasonal differences in 

neuron number or size. 

Objective 2: Analysis of Astrocyte Number and Size 

 The goal of our second objective was to better understand the influence of glial 

cells on the hibernation process. We chose to focus on astrocytes because they play an 

extremely important role in the CNS by supporting and protecting neurons and their 

connections. In addition, astrocytes do not always use the same energy sources as 

neurons (Sofroniew & Vinters, 2010). We therefore hypothesized that if astrocytes are 

performing a neuroprotective function, or supplying energy to neurons upon arousal, we 

would likely see a global increase in astrocyte size throughout all brain regions during 

torpor when compared to summer. We also hypothesized that we would observe no 

differences in astrocyte number between seasons, as cell proliferation would likely 

consume significantly more energy when compared to sustaining larger astrocytes.  

 We analyzed 5 brain regions, including the SSC, MC, ACC, LS, and DG, 

Unfortunately, we were unable to analyze the MS and the PVN due to low-staining. 

Without including the PVN in our analysis, we were unable to make inferences about 

vital vs. non-vital regions. In addition, because of the significant overlap of astrocytes, 

we couldn’t determine if we were seeing differences in number, size, or both factors. 

Instead, we combined the number and size into an “average %area” covered by 

astrocytes. Therefore, our revised hypothesis was that we expected to see a greater 

average %area covered by astrocytes in torpor compared to summer across the brain. 

 Our analysis demonstrated greater %area covered by astrocytes in the MC, SSC, 

and DG during torpor when compared to summer, but no difference between IBA and 
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summer, or IBA and torpor. In the ACC, the %area was significantly different between 

all seasons: we observed the highest %area in torpor, followed by IBA, and the lowest 

%area in summer. However, we saw no seasonal differences in the %area in the LS. 

These results mostly supported our revised hypothesis, aside from the LS.  

 The repeated cycles of torpor and IBA result in a disconnect and rapid 

reconnection of neural pathways within non-vital regions of the brain. This plasticity 

would likely require a significant energy source, and place extreme stress on the neurons 

themselves. Because we don’t know if the seasonal differences are a result of astrocyte 

number, size, or both factors, we can’t make conclusions based off these principles. 

Nevertheless, a greater %area of astrocytes during torpor compared to summer would 

mean there is the possibility for more interaction between astrocytes and neurons, and an 

increase in the astrocyte storage capacity.  

Past studies have demonstrated that astrocytes store significant amounts of 

glycogen within the CNS (Sofroniew & Vinters, 2010). We also know that Thirteen-lined 

ground squirrels utilize lipids instead of carbohydrates as a fuel source during torpor. 

However, upon arousal from torpor, a change in enzymatic activity does allow for a 

utilization of glucose and glycogen during arousal, although lipids are still the preferred 

fuel source (Carey et al., 2003; Andrews et al., 2009). During hypoglycemic conditions 

similar to hibernation, astrocytes are known to use their stores of glycogen to produce 

lactate and various neuron growth factors (Sofroniew & Vinters, 2010). In addition, 

production of lactate within astrocytes is directly stimulated by norepinephrine, where the 

lactate is rapidly transferred to neighboring neurons for use in ATP production (Coggan 

et al., 2018). There is an increase of norepinephrine production upon arousal from torpor, 
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along with an increase sympathetic and renal-angiotensin-aldosterone activity that 

regulate norepinephrine (Semenova et al., 2004; Carey et al., 2003). This increase of 

norepinephrine during arousal could therefore stimulate astrocytes to produce significant 

amount of lactate from its glycogen stores, which is then transferred to nearby neurons 

for the production ATP. 

 It is important to point out that past research has demonstrated no increase in 

blood lactate levels upon arousal from torpor, which would suggest little use of 

glycogenolysis, and therefore lactate, as a fuel source (Andrews et al., 2009). However, 

elevated levels of lactate dehydrogenase A, an important enzyme in the conversion of 

lactate into ATP, have been examined in the cerebral cortex during both torpor and IBA 

(Schwartz et al., 2013). The rapid transfer of lactate from astrocyte to neuron, along with 

an increase in enzymes responsible for the conversion of lactate to substrates for ATP 

production, may account for the low levels of blood lactate measured upon arousal. 

Therefore, it’s possible that an increase in the %area of astrocytes provides a significant 

amount of fuel for the rapid reconnection of cortical neurons arousal from torpor, and/or 

serves as an energy saving mechanism by not using the same metabolic pathway as 

neurons. This increase in production of energetic substrates upon arousal from torpor 

could also be fueling any mitotic activity as the squirrels enter IBA. 

Aside from energy production and conservation, a greater %area of astrocytes in 

the cortex might also serve a neuroprotective function during torpor. As mentioned 

previously, there is a lack of neural activity within the cortex which would normally 

result in long-term depression of the neural circuits, and ultimately cell death in non-

hibernating animals (Escobar & Derrick, 2007). However, mature astrocytes are known 
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to protect neurons from oxidative stress, remove waste products such as ammonia and 

amyloid-beta, regulate fluid and ion balance, and limit the spread of inflammatory cells 

during stressed/diseased states (Sofroniew & Vinters, 2010). Although astrocytes can 

promote scar formation and neuropathology within the CNS, it is unlikely that a greater 

%area of astrocytes is damaging the brain of these hibernators (Sofnroniew & Vinters, 

2010). It is more likely that these beneficial astrocytes retain neuroprotective functions 

enhancing survival, growth, and repair of neurons. Specifically, some subtypes of 

astrocytes are mostly active during periods of reduced blood flow, or ischemia, similar to 

torpor (Liddelow & Barres, 2017; Frerichs et al., 1994). It is therefore possible that the 

increase in %area of these astrocytes in the SSC, MC, ACC, and DG during torpor could 

serve as both a neuroprotective and energy producing/conserving mechanism. 

Although we observed a significantly greater %area of astrocytes during torpor, 

we would like to propose a few methodological additions for future research. As 

mentioned previously, cell proliferation is a cost-demanding process which would be 

difficult to upkeep during hibernation. Prior to hibernation, however, energy sparing is 

not as important. It’s possible that an increase in %area of astrocytes during torpor is a 

result of astrocytes proliferating during the pre-hibernation period, right before the 

entrance into the first torpor. This increase in astrocyte number could persist into 

hibernation and provide the neurological and energetic benefits previously mentioned. 

We therefore suggest including a “pre-hibernation” season to see if this change in 

astrocytes is in preparation for, or occurring during, the hibernation cycle. We also 

suggest including an “arousal” time point that is during the first 2 hours of IBA, and 

another collection point at the end of IBA as animals become torpid again, as this would 
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provide a more dynamic view of astrocytes throughout hibernation. It would also be 

beneficial to collect all animals during the same torpor-IBA cycle, as this would help 

eliminate any potential differences due to the overall length of the hibernation cycle. 

In addition, we were limited in this study by using GFAP alone; we suggest 

double labelling with a nucleic marker, such as DAPI, or an astrocyte-specific nucleic 

marker such as SOX9. Overlaying images of GFAP and the nucleic stain would therefore 

allow the quantification of both astrocyte number and size. We were also limited by our 

sample size in the DG and LS, as we had to combine torpor and IBA into “hibernation.” 

Of course, increasing sample sizes during all seasons is optimal, and would give a 

stronger representation of any seasonal differences in astrocyte number, size, and %area. 

Nevertheless, we believe that our findings with astrocyte %area demonstrate the necessity 

to further examine astrocytic influences on neuroplasticity within hibernators. 

Objective 3: Analysis of Cell Proliferation 

Regardless of function, any differences in number of neurons or astrocytes 

dictates an increase/decrease in mitotic activity, and a gain/loss of cells throughout the 

hibernation process. The goal of this object was to examine cell proliferation and 

determine if there were any seasonal differences in the number of proliferative cells, as a 

difference in mitotic activity may serve a neuroprotective function throughout 

hibernation. As mentioned previously, there is no net damage as a result of hibernation, 

but it’s unclear if there is no damage occurring, if cells are being lost and replaced, or if 

cells are being created and lost. We hypothesized that if there is any loss of neurons or 

astrocytes during hibernation, the lost cells would be likely be replaced during IBA as 

mitotic activity is expected to be lower in torpor when compared to both summer and 
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IBA. Similarly, if there is an increase in neurons or astrocytes during hibernation, cell 

proliferation is more likely to occur during IBA. We expected cell proliferation to be 

lowest during torpor when compared to both summer and IBA. IBA was expected to have 

a greater rate of proliferation than summer if there were less neurons, or more neurons, 

present during torpor. We tested various antibodies and found Ki67 to be the most 

effective marker for this objective.  

Our results demonstrate no seasonal differences in Ki67 expression in the ACC, 

MC, Supraoptic nucleus (SO) or in the PVN. However, we did see a greater number of 

cells expressing Ki67 in the SSC during IBA when compared to summer, but no 

difference between IBA and torpor, or torpor and summer. Our hypotheses were not 

supported with regards to torpor, as we saw no differences between summer and torpor in 

any brain region. However, our predictions were supported in the SSC because we saw a 

greater number of neurons during torpor.  

Before we discuss proliferation rates in our study, we must briefly discuss the cell 

cycle and Ki67’s influence. The mammalian cell cycle consists of both interphase and a 

mitotic phase, with cells spending most of their life in interphase. Interphase consists of 

two gap phases, gap1 (G1) and a gap2 (G2), with a DNA synthesis phase in between (S). 

Cells in G1 and G2 grow in size in preparation for mitosis. There is also a resting phase 

(G0) that cells can enter during G1, where cells are not preparing for division but still 

perform their normal functions (Barnum & O’Connell, 2016). Many cells permanently 

enter this G0 phase after mitosis, where they become differentiated cells (mature neurons, 

for example) and cannot re-enter the cell cycle. This inability to divide after 

differentiation is an important limitation within the CNS as it impairs recovery from 
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severe damage (Ajioka, 2014). Conversely, certain types of regenerative cells maintain 

this proliferative ability after mitosis, where they can re-enter G1 and continue dividing 

(Mohammad et al., 2019). 

Following interphase, cells enter mitotic phase of the cell cycle which consists of 

mitosis (prophase, prometaphase, metaphase, anaphase, and telophase) and cytokinesis 

(Alberts et al., 2002). This is where one cell divides into two genetically identical cells. 

Afterwards, the newly divided cells re-enter G0 as differentiated cells, or they enter G1 

and prepare for more division (Barnum & O’Connell, 2016). Our study examined Ki67 

which labels cells that are actively preparing for, or undergoing, mitotic division 

(Duchrow et al., 1996). This antibody has most extensively been used in cancer research 

and diagnostics (Duchrow et al., 1996; Izquierdo et al., 2019; Miller etl. al., 2018; 

Yerushalmi et al., 2010; Starborg et al., 1996), although some have looked at Ki67 

expression within mice, gerbil, and rat hippocampal neurons (Amrein, 2015). 

We were able to confirm neuronal expression of Ki67 using a NeuroTrace 

530/615 red fluorescent Nissl stain. However, it was important that we examined the 

cellular location of Ki67, as it is considered a nuclear protein. Specifically, Ki67 prevents 

chromosomal collapse, where it is visible throughout the nucleus during interphase and 

near the periphery of chromosomes during mitosis (Chierico et al., 2017; Starborg et al., 

1996; Izquierdo et al., 2019). We primarily observed Ki67 within the cell body, and not 

in the nucleus, as there was little overlap between Ki67 and DAPI. Nevertheless, Ki67 

expression was sometimes in proximity to, but not overlapping DAPI, which stains both 

the nucleus in interphase and chromosomes during mitosis (Chazotte, 2010; Estandarte et 

al., 2016). This extranuclear expression is therefore atypical. A recent study hypothesized 
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that after proliferation, Ki67 is moved outside of the nucleus for degradation during G0 or 

G1. In addition, this study also demonstrated extranuclear Ki67 during periods of 

starvation. The images of these starved cells closely resemble the cells we observed 

(Chierico et al., 2017). The animals we collected did not have access to food throughout 

hibernation, but we know that Thirteen-lined ground squirrels use their large stores of 

adipose tissue for nutrients throughout the hibernation process. We also know that 

astrocytes store significant amounts of glycogen, adding another potential fuel source for 

neurons during hibernation. Therefore, it is unlikely that the extranuclear expression of 

Ki67 is due to cellular starvation, but we can’t be certain of this. Another study has 

observed cytoplasmic expression of Ki67 in healthy heart tissue, suggesting that 

extranuclear expression is still related to neuroplasticity and proliferation (Ciulla et al., 

2009). Therefore, we believe the cells observed in our study are actively proliferating or 

have just recently divided. 

As mentioned previously, we observed no seasonal differences in Ki67 expression 

in the ACC, MC, PVN, or the SO. This was surprising, as torpid animals were expected 

to have significantly reduced proliferation rates. However, we based our hypotheses on 

research on the hippocampus which we were unable to analyze. Instead, we observed 

Ki67 expression in brain regions outside of typical neurogenic regions, across all seasons, 

as well as extranuclear expression of Ki67. And, because we observed no seasonal 

differences in the number of cells expressing Ki67, our results suggest that proliferation 

does in fact continue during bouts of torpor in both vital and non-vital regions. Or at the 

very least, the cells maintain the ability to proliferate across all seasons if needed. 
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Perhaps this maintained proliferation represents the replacement of lost neurons, 

considering we observed no difference in neuron number between summer and torpor.  

We did, however, observe a greater rate of proliferation in the SSC during IBA compared 

to torpor and summer, and this coincided with a greater number of neurons in the SSC 

during torpor. If our hypotheses are accurate, this would suggest that SSC neurons 

replicate during IBA, potentially aiding in the arousal from the subsequent bout of torpor.  

These are exciting results as they demonstrate proliferative capabilities in the 

cortex, as well as in the hypothalamus, of Thirteen-lined ground squirrels. Future studies 

should examine cells expressing Ki67 within the SSC, ACC, MC, PVN, and SO, and 

perhaps provide more concrete answers as to why cells are proliferating outside the 

hippocampus. In our study, proliferative ability appears to be maintained year-round, 

which may serve as a protective mechanism by replacing any neurons that are lost 

throughout the hibernation process. It may also be serving as a supportive mechanism for 

arousal in the SSC. We suggest that future studies also examine the extranuclear 

expression of Ki67. Specifically, it would be interesting to know if this localization 

changes the function of Ki67 during proliferation. Additionally, we believe it would be 

beneficial to include more time points, such as early IBA and late IBA, as this would 

provide more information on how Ki67 expression, and therefore cell proliferation, may 

change throughout the hibernation cycle. 
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