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Abstract
In most seasonally breeding vertebrates, changes in photoperiod trigger the remodeling of 

neuroendocrine and glial cells known to be involved in activation of the reproductive axis. We 

used electron microscopy to determine whether similar remodeling occurs under conditions of 

continuous darkness during hibernation in arctic ground squirrels (Urocitellus parryii). Immediately 

prior to the reproductive season, arctic ground squirrels naturally sequester themselves in a 

persistently dark hibernacula for 6-8 months where they experience only muted fluctuations in 

ambient temperature. Hibernation consists of two to three week-long bouts of torpor, during which 

body temperature and metabolism are depressed, periodically interrupted by short (<24h) 

interbout arousals where animals become euthermic and metabolism returns to “normal” levels. 

Although their exact functions are unknown, interbout arousals are generally thought to be 

associated with homeostatic processes. With the exception of brief dynamic changes during 

interbout arousals, brain activity and neuroendocrine pathways are generally thought to be 

relatively static across hibernation. We hypothesized that interbout arousals may allow for cellular 

ultrastructural remodeling of pars tuberalis thyrotroph cells, hypothalamic tanycytes, and pars 

distalis gonadotroph cells across hibernation, allowing for animals to activate their reproductive 

axis in anticipation of the active season. To test this, we sampled brains from arctic ground 

squirrels during early, mid-, and late hibernation, as well as post hibernation. We found evidence 

for cellular remodeling and activation of the reproductive axis across hibernation including 

decreases in neuronal contacts with the hypothalamic basal lamina, increases in the cell area and 

decreases in granule density of pars distalis gonadotrophs, increases in gonadal mass, and 

upregulation of steroidogenic genes in gonadal tissue. We hypothesize that the return to euthermy 

during interbout arousals allows for remodeling of the hypothalamus and pituitary, which we tested 

by exposing male arctic ground squirrels to a warm ambient temperature (30oC) during mid

hibernation, which causes animals to prematurely end hibernation. However, the premature 

termination of hibernation resulted in limited ultrastructural changes, suggesting that temperature 

alone is insufficient to activate reproductive maturation. Altogether, our study reveals a previously 

underappreciated physiological dynamism during hibernation that allows animals to rapidly 

transition between seemingly incongruous life-history states.

iii



Table of Contents
Page

Abstract ......................................................................................................................................  iii

Table of Contents....................................................................................................................... iv
List of Figures .............................................................................................................................  v
List of Tables................................................................................................................................v
List of Appendices......................................................................................................................  v
Acknowledgements ...................................................................................................................  vi

General Introduction .................................................................................................................. 1

Literature Cited ............................................................................................................................3
Chapter 1: Neuroendocrine and Glial Cell Remodeling in a Hibernating Mammal....................... 5

1.1 Abstract................................................................................................................................ 5

1.2 Introduction..........................................................................................................................6
1.3 Methodology ........................................................................................................................9
1.4 Results ...............................................................................................................................15

1.5 Discussion..........................................................................................................................19

1.6 Literature Cited ..................................................................................................................25

1.7 Figures ...............................................................................................................................29

1.8 Tables .................................................................................................................................36

Chapter 2: Effects of Mid-Hibernation Warming on Neuroendocrine Systems that Control the
Reproductive Axis .......................................................................................................................37

2.1 Abstract...............................................................................................................................37

2.2 Introduction........................................................................................................................38

2.3 Methodology ......................................................................................................................39

2.4 Results ...............................................................................................................................42

2.5 Discussion..........................................................................................................................42

2.6 Literature Cited ..................................................................................................................45

2.7 Figures ...............................................................................................................................47

General Conclusion...................................................................................................................49

Literature Cited ..........................................................................................................................51

Appendices.................................................................................................................................52

iv



List of Figures
Figure 1.1: Cellular remodeling that occurs in a long photoperiod seasonal breeder................. 29

Figure 1.2: Graphs representing tissue collection timepoints..................................................... 30

Figure 1.3: Thyrotroph cell remodeling throughout hibernation and post hibernation.................31

Figure 1.4: Tanycyte cell remodeling throughout hibernation and post hibernation....................32

Figure 1.5: Gonadotroph cell remodeling throughout hibernation and post hibernation............33

Figure 1.6: Graphs depicting male gonadal development...........................................................34

Figure 1.7: Graphs depicting female gonadal development....................................................... 35

Figure 2.1: Depiction of study design and thyrotroph and gonadotroph remodeling.................. 47

Figure 2.2: Graph of testicular mass depicting gonadal development........................................48

List of Tables
Table 1.1: Primers developed for genes of interest and reference genes..................................36

List of Appendices
Appendix A: IACUC approval.................................................................................................... 52

Appendix B: Example micrograph images................................................................................. 54

v



Acknowledgements
I would like to take a moment to acknowledge and thank many people in my life that have helped 

me throughout my graduate career, both professionally and personally. First, I would like to thank 

my advisor, Cory Williams, who is not only an outstanding mentor by providing a welcoming work 

environment, and an extremely high level of support and patience, but he has also mentored me 

in living in Alaska and performing Arctic based field research. I feel very fortunate for my time 

spent in the Williams lab, as his knowledge in physiology, ecology, and the Arctic have and will 

impact how I move forward in my career and future in Alaska.

I would also like to thank my committee members. Helen Christian welcomed me warmly 

into her lab and the electron microscopy (EM) facility at the University of Oxford (UK). Of the total 

3 months I spent at the university, she allocated much of her time, energy, and resources into 

teaching me the intricacies of EM tissue processing and proper use of the very fancy and 

expensive microscope. Kristin O'Brien is a wonderful human who is extremely approachable and 

not only provided a wealth of knowledge regarding cold tolerance and molecular biology, but also 

asked me challenging questions that pushed me to think outside the scope of my project.

Thank you to Sara Wilbur and Jeanette Moore for romping in the tundra to help capture 

animals in the field and for the long days of later performed tissue collections. Sara also helped 

the staff at BiRD animal facility at the University of Alaska Fairbanks perform animal care, and for 

that I thank them. Thanks to Lynn Scott and her steady hands, the last step to preparing tissues 

for viewing in the electron microscopy was completed. Furthermore, I'd like to thank Kyle 

Callegari, Maddi Michaud, and Sara Sheffer who helped me with scoring electron microscopy 

images, without whom I would probably still be scoring.

Thank you to Kate Wilsterman for undertaking the task of smoothing out the road bumps 

that come along with qPCR and for teaching Helen Chmura and I the mystical ways of qPCR. 

Thank you, Helen Chmura, for taking on the tedious task of performing qPCR on the gonads. I 

would also like to thank Loren Buck for welcoming me into your lab at Northern Arizona University 

and thank you to Danielle Dillon for conducting the hormone analyses and for teaching me along 

the way. Aubrey Funck and Elise Adams conducted the histology of the gonads which was 

conducted using equipment provided by the Northern Arizona University Histology Facility, for 

which I am truly grateful.

Additionally, I would like to thank the National Science Foundation (NSF) for project 

funding support and the UAF INBRE program for funding me through my graduate career. Without 

either, this thesis would likely not be written.

vi



Lastly, my deepest gratitude goes to my family and friends: Mom, Dad, sisters Tiffany and 

Felicia, Grandpa Jerry, Aunt Merry, Cassie Bathery, and Michelle Johannsen. They have 

supported and cheered me on throughout every step of my degree and I could not have done it 

without them.

vii



General Introduction
Highly seasonal environments have forced species to evolve strategies, such as migration and 

hibernation, that allow them to evade or endure predictable periods of insufficient resource 

availability and low ambient temperatures. Hibernation is described as long periods of deep torpor 

that are periodically interrupted by interbout arousals (IBAs)1. For small mammals, deep torpor 

occurs when metabolism is suppressed, and body temperature drops to near ambient levels. 

During deep torpor, the majority of cellular processes and bodily functions are arrested or greatly 

slowed, including gene transcription, and translation2,3. Every 2-3 weeks, deep torpor is 

interrupted by short (<24 hrs) IBAs, where metabolism is restored and body temperature returns 

to euthermy4. To date, the purpose of IBAs is still largely debated but they are primarily thought 

to maintain homeostatic functions5. Prior to dormancy, many physiological and molecular events 

are regulated in preparation for hibernation6. However, it is largely unknown if similar preparatory 

measures happen during hibernation in anticipation for the following reproductive season.

Most seasonally-breeding vertebrates depend on photoperiodic changes (i.e. changes in 

daylength) to regulate reproduction because it provides a relatively precise way to predict 

resource availability7. Recent studies have furthered our understanding of seasonal reproductive 

timing by illuminating the mechanisms and pathways involved with photoperiodic seasonal 

reproduction8. We know that melatonin, the internal signal for day length, binds to thyrotroph cells 

within the pars tuberalis (PT) and in turn, modulates the expression of clock-controlled 

transcriptional regulator Eya3, which triggers the release of thyroid stimulating hormone (TSH)9,10. 

TSH then regulates the expression of deiodinase enzymes (DIO2 and DIO3) found within 

hypothalamic glial cells called tanycytes, which subsequently alter the availability of 

triiodothyronine (T3)11,12. Gonadotropin releasing hormone (GnRH) neurons within the 

hypothalamus, which control activation of the reproductive axis, are thought to be regulated by 

kisspeptin and RFamide-related peptide 3 (RFRP3), which are affected by the abundance of 

T313,14. This photoperiodic activation of the reproductive axis involves cellular ultrastructural 

changes, including the enlargement of PT thyrotroph and pars distalis (PD) gonadotroph cells, 

and the retraction of endfeet processes of hypothalamic tanycyte cells along the basal lamina. 

This retraction of tanycytic processes removes a barrier and allows for GnRH neuron 

communication with the pituitary15-17. Gonadotrophs in the PD respond to GnRH by releasing 

gonadotropins, which, in turn, triggers gonadal maturation.

In contrast to most seasonally breeding vertebrates, hibernating mammals are sequestered 

within their hibernacula in constant darkness during the spring, where they are buffered from 

changes in ambient temperature changes. Nevertheless, hibernators must be ready to reproduce 
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almost immediately after emerging to the surface. The lack of exposure to reliable external cues 

while sequestered in a hibernacula likely provides a challenge for remaining synchronized with 

the environment. However, hibernators possess a robust endogenous circannual clock that 

accurately relays the phase of the annual cycle. Previous studies have shown that when ground 

squirrels are kept under constant photoperiods and/or temperatures, they still maintain roughly a 

twelve month annual cycle18. The location and molecular makeup of the endogenous circannual 

clock are still largely unknown. Intriguingly, the mechanisms that regulate the termination of 

hibernation and reproductive maturation may be linked, and it is even possible that these 

seemingly distinct annual events may overlap. In fact, it is thought that in at least some species 

of ground squirrels, increases in circulating testosterone concentrations may allow males to 

terminate hibernation earlier than females19. Previous studies have shown that when male golden- 

mantled ground squirrels (Citellus lateralis) are castrated, hibernation is prolonged, but when 

injected with testosterone, they terminate hibernation immediately20,21. However, research has 

been highly biased towards males and the potential for the onset of seasonal puberty to occur 

during hibernation in females remains completely unexplored.

Using electron microscopy, we examine the cascade of ultrastructural changes that occur in 

hypothalamic and pituitary cells during hibernation in the arctic ground squirrel (Urocitellus parryii; 

hereafter AGS). By doing so, we provide valuable information on whether cellular remodeling 

occurs during hibernation or spontaneously after hibernation. Further, female AGS have 

previously never been investigated for reproductive maturation during hibernation and our study 

provides a more holistic understanding of sex differences in hibernation phenology. Interestingly, 

male golden-mantled ground squirrels have shown to prematurely terminate hibernation and 

begin gonadal maturation when they are exposed to a warm ambient temperature during 

hibenation22. This implies that temperature has, to some extent, regulatory effects on annual 

cycles, regardless of the circannual phase. It also suggests that rewarming during IBAs may allow 

for brief periods of preparation for the following reproductive season while still in the hibernation 

phase of the year.
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Chapter 1: Neuroendocrine and Glial Cell Remodeling in a Hibernating Mammal1

1 Duncan, C., Christian, H.C., Chmura, H., Buck, C.L., Barnes, B.M., Loudon, A.S.I., Williams, C.T. Neuroendocrine and Glial Cell 
Remodeling in a Hibernating Mammal. Manuscript in preparation for the Journal of Neuroendocrinology.

1.1 Abstract
Most vertebrates use changes in daylength to drive seasonal metabolic and reproductive cycles. 

In these ‘photoperiodic' animals, melatonin triggers cellular remodeling in glial and 

neuroendocrine cells of the hypothalamus and pituitary as part of the neuroendocrine response, 

which ultimately activates the reproductive axis. In hibernators, however, seasonal cycles are 

under strong endogenous control, as animals remain sequestered in their hibernacula in 

continuous darkness for several months leading up to the reproductive season. It is thought that 

the brain remains relatively static throughout hibernation, and that hypothalamic remodeling 

required for activation of the reproductive axis occurs after torpor is complete. However, torpor in 

hibernating small mammals is interspersed with brief interbout arousals (IBAs) every 2-3 weeks, 

during which animals rewarm to euthermic temperatures for <24h. The function of these IBAs is 

largely unknown. We hypothesized that ultrastructural changes of neuroendocrine and glial cells 

known to be involved in photoperiodic reproduction also occur during hibernation. We utilized 

electron microscopy to examine whether changes in the cellular ultrastructure of pars tuberalis 

thyrotrophs, median eminence (ME) tanycytes, and pars distalis gonadotrophs in the arctic ground 

squirrel (Urocitellus parryii) occurred during or post-hibernation. Additionally, to assess 

reproductive maturation, we looked at gonadal histology, sex steroid concentrations, and 

expression of steroidogenic genes and other genes of interest involved with gonadal 

development. Although pronounced cellular remodeling only occurred post-hibernation, we found 

that during hibernation the number of neuronal contacts with the ME basal lamina decreased and 

gonadal development advanced for males, and that gonadotrophs increased in size and 

decreased in density of hormone granules for females. This is the first time females have been 

examined for reproductive advancement. Our data suggests that reproductive maturation is 

initiated during hibernation and we propose that IBAs may play a critical role in facilitating cellular 

remodeling of neuroendocrine and glial cells needed for activation of the reproductive axis.
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1.2 Introduction
The timing of seasonal reproductive cycles is vital to individual fitness. Most seasonally-breeding 

vertebrates rely on photoperiodic changes (i.e. changes in day length) to regulate reproduction 

because it provides a precise way to predict the annual peak in resource availability1-6. Recent 

studies have advanced our understanding of seasonal reproductive timing by delineating the 

mechanisms and pathways that connect photoperiodic changes to seasonal gonadal 

development and other changes in reproductive state1,6,7. Yet, knowledge regarding the cues 

animals use to adjust reproductive timing and the extent of involvement of cellular ultrastructural 

changes is remarkably limited, especially in seasonal breeding species that do not directly rely on 

photoperiodic changes. For example, species that exhibit seasonal dormancy often sequester 

themselves in burrows or hibernacula such that they do not have access to photoperiodic cues.

In seasonally-breeding photoperiodic animals, melatonin secretion from the pineal gland, 

which is only secreted in the absence of light, translates day length (photoperiod) into an internal 

signal8,9. Melatonin binds to pars tuberalis (PT) thyrotroph cells, which surround the infundibulum 

(pituitary) stalk8-13, and in turn affects the expression of the clock-controlled transcriptional 

regulator (Eya3) which triggers thyrotrophs to release thyroid stimulating hormone (TSH), a 

peptide that regulates the expression of deiodinase enzymes (DIO2 and DIO3) in ependymal 

(glial) cells called tanycytes8,9,13,14. These tanycyte cells line the 3rd ventricle, but have end feet 

processes that extend through the proximal median eminence (ME) to the ME basal lamina8-10,14- 

16. The deiodinases expressed in tanycytes are responsible for modulating the availability of 

triiodothyronine (T3), the active form of thyroid hormone. It is thought that T3 affects gonadotropin

releasing hormone (GnRH) secretion from GnRH neurons by altering the expression and/or 

release of kisspeptin and possibly RFamide-related peptide-3 (RFRP3), the mammalian ortholog 

of gonadotropin inhibiting hormone (GnIH), which in turn, regulates pars distalis (PD) 
gonadotrophs that control the maturation or regression of the gonads9,10,15-19.

Recent electron microscopy (EM) studies have revealed changes in the cellular ultrastructure 

of thyrotrophs, tanycytes, and gonadotrophs that co-occur with photoperiodic activation of the 

hypothalamic T3 pathway (Fig. 1.1). When a long-day seasonal breeder transitions from a short 

photoperiod (SP) to a long photoperiod (LP), PT thyrotroph cells enlarge in area and volume, 

rough endoplasmic reticulum (RER) increases in abundance, and hormone granule density 

decreases13,20. Further, during an animal's respective non-breeding season, tanycyte cells 

produce a cellular barrier with their end feet processes along the ME basal lamina13,21. It has been 

proposed that this tanycyte barrier is important for preventing GnRH communication with the PD 

because during the breeding season the tanycyte end feet processes retract, allowing direct 
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GnRH neuronal contact with the ME basal lamina and therefore, GnRH communication with the 

PD13,21. GnRH is secreted in pulses with changes in the pattern of pulsatility driving the release 

of gonadotropins (luteinizing hormone and follicle stimulating hormone) from the PD. Studies have 

shown that the area and shape of gonadotrophs remains relatively stable throughout the year but 

that granule density is higher during the nonbreeding season compared to the breeding season22.

Interestingly, some photoperiodic seasonal breeding species become photorefractory when 

they are exposed to prolonged, constant SPs or LPs, meaning a change in photoperiod is not 

always necessary to cause the reversion from a breeding state to a non-breeding state or vice 

versa11,13. Additionally, there are some species of seasonal-breeding vertebrates that do not 

directly utilize photoperiodic changes to initiate or terminate reproduction, and yet the timing of 

these physiological cycles remains intact. Such species utilize photoperiod to synchronize, or 

entrain, their endogenous circannual clock(s) but exposure to daily photoperiodic cues are not 

necessary to maintain seasonal rhythms; under constant photoperiod conditions circannual 

clocks generate free-running circannual rhythms11,23-26. For example, seminal work by Pengelley 

et al. (1957 and 1976) revealed that golden-mantled ground squirrels (Citellus lateralis) held under 

various constant photoperiods, including constant darkness and constant light, maintain 

circannual cycles of body mass, hibernation, and reproduction for > 4 years27,28. The circannual 

clock is a key regulator of seasonal reproduction, among other annual life-history traits, and 

although the location and molecular makeup of the circannual clock is unknown, there is 

accumulating evidence supporting the hypothesis that it may reside in the PT thyrotroph 

cells11,29,30. We hypothesized that changes in the ultrastructure of PT thyrotrophs, adjacent 

tanycyte cells, and downstream pituitary gonadotrophs will occur in a preparatory manner during 

hibernation.

Hibernation is a life-history trait utilized by some species that allows them to withstand extreme 

environmental conditions (i.e. food shortages and low temperatures) by lowering their metabolic 

rate and core body temperature31,32. Hibernators provide a unique opportunity to address 

questions related to neuroendocrine control of reproductive timing because they sequester 

themselves in a continuously dark hibernacula for several months out of the year. Additionally, 

reproduction often occurs immediately after hibernation is complete to allow for offspring to 

maximize the time available to grow and fatten prior to their first hibernation1,6,10,23. In these 

species, the mechanisms that control the onset of reproduction and the termination of hibernation 

may be linked, and it is even possible these seemingly distinct life-cycle stages may overlap. 

Studies have demonstrated that castrating male golden-mantled ground squirrels after they have 

completed hibernation can cause them to re-enter torpor and extend hibernation33, whereas 
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testosterone injections in these castrates inhibits hibernation33,34. Based on these findings, and 

evidence for elevated testosterone during hibernation in some species35, it has been proposed 

that activation of the reproductive axis in males (i.e., seasonal puberty) may trigger their earlier 

termination of hibernation, relative to females6. However, research has been highly biased 

towards males and the potential for the onset of seasonal puberty to occur during hibernation in 

females remains completely unexplored.

In the present study, we use electron microscopy to examine the cascade of changes 

occurring within the PT, hypothalamus, and pituitary in male and female arctic ground squirrels 

(Urocitellus parryii; hereafter AGS). Additionally, to assess reproductive maturation, we look at 

gonadal histology, sex steroid plasma concentrations, and expression level of steroidogenic 

genes and other genes of interest involved with gonadal development. Similar to many sciurids, 

seasonal phenology differs between the sexes in AGS, and in males, testicular growth and 

advancement of spermatogenic phase occurs post-hibernation while sequestered in a constant 

dark environment23. We predicted that ultrastructural changes in PT thyrotrophs, ME tanycytes, 

and PD gonadotroph cells underlie reproductive phenology in a photoperiod-independent manner 

and that these ultrastructural changes begin to occur during hibernation. During hibernation, small 

mammals save energy by entering a state of deep torpor. However, every 2-3 weeks small 

mammalian hibernators undergo energetically expensive interbout arousals (IBAs), in which they 

rewarm their core body temperature to euthermia for < 24 hrs before initiating a new torpor bout36. 

Many obligate hibernating sciurids, including AGS, do not eat or drink during these IBAs. During 

deep torpor, typical cellular and bodily functions, including transcription, translation, immune 

function, and sleep, are either halted or severely depressed37-39. Thus, while the function of IBAs 

remains unclear, they are thought to be critical for maintaining homeostatic function. However, 

little attention has been placed on understanding whether IBAs could also function in facilitating 

preparatory mechanisms in anticipation of the following active season. We hypothesized that 

these IBAs may allow animals to undergo ultrastructural remodeling of neuroendocrine and glial 

cells as they slowly activate the reproductive axis in preparation for the following reproductive 

season. Specifically, we predicted that ultrastructural changes in PT thyrotrophs, ME tanycytes, 

and PD gonadotroph cells underlie reproductive phenology in a photoperiod-independent manner 

and that these ultrastructural changes begin to occur during hibernation.
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1.3 Methodology
Animals and Housing
AGS were captured in July from an area adjacent to the Dalton Highway near the Atigun River in 

northern Alaska (68°27'N, 149°21'W). Animals were subsequently transported to the University 

of Alaska Fairbanks where they were individually housed in 48×32×32 cm hanging metal cages 

and provided with cotton bedding for nest construction. Prior to hibernation, animals were held at 

20 ± 2 °C and were given 10 pellets of rodent chow (Mazuri; St. Louis, MO, USA) per day and 

water ad lib. Initially, animals were housed on a 12 h:12 h light:dark (LD) photoperiod but, 

beginning in August, animals were gradually transitioned (loss of 30 min of light per day) to a short 

photoperiod (4 h:20 h LD) to mimic Arctic day lengths in autumn. Upon detection of hibernation 

readiness (e.g. not eating, quiet, curled up in nest), animals were moved to environmental 

chambers held at 2 °C with a 0 h:24 h LD photoperiod (i.e., continuous darkness). The mean 

hibernation entry date for males was October 22 ± 22.2 days (SD), whereas the mean for females 

was October 5 ± 20.1. Once torpid, animals were transferred to 43×27×19 cm plastic tubs 

(Nalgene; Rochester, NY, USA) and provided with a gel pack (for hydration), but were not given 

more food until they terminated hibernation as indicated by 72h of consecutive euthermy. Animal 

care was done using low intensity red light. To monitor hibernation status, AGS's cotton nests 

were opened and wood shavings were placed on their backs; daily checks were implemented to 

assess the duration of torpor bouts and the occurrence of an arousal by the presence or absence 

of the wood shavings40. Males were provided with rodent chow beginning 72h after hibernation 

was terminated but were maintained in continuous darkness until sampling, which occurred 14d 

after terminating the final torpor bout (to mimic the natural below ground interval of euthermy41,42). 

Females were transferred to another 2°C environmental chamber that had a 16h L:8h D 

photoperiod 72h after hibernation was terminated; they were provided rodent chow until sampling 

occurred 5 days later (8 days after terminating hibernation). The protocol used for females was 

done to mimic natural hibernation of a free-living female AGS, which emerge to the surface to 

feed beginning 1-4 days after ending torpor41,42. All animal trapping, housing, care and sampling 

was carried out in accordance with approved IACUC protocols (#864841) through the University 

of Alaska Fairbanks with appropriate state (ADFG #17-100) and federal (BLM #FF96483) permits.

Tissue Collection
We used electron microscopy (EM) to examine and quantify PT thyrotroph cells, median 

eminence tanycytes, and PD gonadotroph cells for ultrastructural remodeling in 9 male and 10 

female AGS, sampled at different stages of hibernation or post-hibernation. All animals were 
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randomly assigned to a collection timepoint. We lethally sampled individuals during interbout 

arousals in early (n = 3 males and 3 females), mid- (n = 3 males only), or late (n = 4 females only) 

hibernation, or 8 day (n = 3 females only) or 14 day (n = 3 males only) after they naturally 

terminated hibernation (Fig. 1.2). For sampling during hibernation, we induced an arousal by 

gently massaging them for ~2-3 min prior to returning them to their tubs; 16-18 hours after 

inducing arousal, euthermic animals were deeply anesthetized using 5% isoflurane (Isothesia, 

Henry Schein, Dublin, OH, USA) and a ~5 ml blood sample was taken via cardiac puncture 

immediately prior to euthanasia via decapitation. Upon euthanasia, the brains and both gonads 

were collected immediately. The brains were fixed in 3% paraformaldehyde/0.05% gluteraldehyde 

in 0.1 M phosphate buffered saline (PBS; pH 7.2) for 24 hrs at room temperature and transferred 

to a 1:10 dilution of the paraformaldehyde/glutaraldehyde fixative in 0.1 M PBS for storage at 4 

°C before processing. The right gonad was frozen via submersion in isopentane on dry ice and 

stored at -80 °C, while the left gonad was fixed in Bouin's solution (#HT10132, Sigma-Aldrich, St. 

Louis MO, USA) for 8-12 hours and then transferred to a 70% ethanol solution prior to storage at 

4°C. Additional gonads and plasma were opportunistically collected from a concurrent 

experiment, allowing us to increase our total sample size for peripheral tissues to 18 males and 

19 females.

Electron Microscopy
Tissue Processing and Staining: A scalpel blade was used to remove a block of tissue (~0.5 cm3) 

containing the hypothalamus, pituitary stalk, and pituitary from the brain. Incisions were made 

between the chiasmic nucleus and hypothalamus, optic nerves and hypothalamus, and along the 

left and right side of the hypothalamus. The pituitary was removed and cut into four pieces, while 

the area of the block containing the PT and ME were further cut into two to four 0.5 mm3 blocks.

The pituitary and 0.5 mm3 blocks containing PT and ME were processed for embedding in 

Spurr resin following previously described protocols43. Briefly, they were washed in 0.1 M PBS 

(pH 7.2), stained with 1% osmium tetroxide in 0.1 M PBS, washed with distilled water, stained 

with 2% uranyl acetate in distilled water, and dehydrated in increasing concentrations of ethanol, 

followed by 100% acetone. Dehydrated blocks were submerged in a 50/50 solution of Spurrs' 

resin (TAAB laboratory equipment, Aldermarston, UK) and absolute acetone overnight. Tissues 

were then submerged in pure Spurrs' resin, left overnight, transferred into fresh Spurrs' resin 

within a suitable mold and cured at 60 °C overnight.
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Imaging Process: Ultrathin sections (50-80 nm) were obtained using a Reichart-Jung Ultracut 

ultramicrotome and mounted on nickel grids (Agar Scientific Ltd; Stanstead, UK). Tissue section 

grids were examined and imaged using a JEOL 1010 transmission electron microscope (JOEL 

USA Inc.; Peabody, MA). For each individual, at least twenty images for each cell type were taken 

when the nucleus was present at a magnification of 800-1500x for PT thyrotroph cells and PD 

gonadotroph cells, and 2000x for tanycyte cells. All images for each individual were taken from 

the same section of tissue. The imager was blinded to the treatment/stage of the sample.

Cell Measurements: Cellular morphological measurements were made using ImageJ (version 

1.52a, NIH 2019). Due to varying image magnifications, all images were rescaled using the scale 

bar on each individual image prior to making any measurements. For PT thyrotroph and PD 

gonadotroph cells, we determined the cytoplasmic, nuclear, and total cell area; counted the 

number of granules; and calculated the granule density (# of granules/cytoplasmic area). RER 

presence was also visually assessed and graded on a scale of 0-4 (0=no presence of RER and 

4=most abundant). For hypothalamic tanycytes, we drew a 4 μm x 5 μm box with the 5 μm side 

lined up along the ME basal lamina and measured the number of neuronal contacts with the ME 

basal lamina, the number of neuronal granules, the thickness of the tanycyte barrier, and the 

percentage of area occupied by tanycytes. All measurements were taken by an individual blinded 

to treatment/stage of the sample.

Quantitative PCR (qPCR) of Genes Involved with Gonadal Development
We used reverse transcription quantitative PCR (RT-qPCR) to determine whether steroidogenic 

enzymes (CYP11A and STAR) and other genes involved in gonadal development (Erβ, FSHR, 

NGF1, and NGFR) in testes and ovaries changed across hibernation and/or immediately following 

hibernation in AGS. Erβ and FSHR were measured because they are receptors for the 

reproductive hormones estrogen and FSH, respectively, and whereas nerve growth factor (NGF1) 

and its receptor (NGFR) were measured because they have previously been identified to change 

during testicular and ovarian development in ground squirrels44,45. RNA was extracted from 

ovaries (n = 34 with 8-17 per timepoint) and testes (n = 28 with 9-10 per timepoint) using an 

RNAeasy mini kit (#74106, Qiagen Inc., Valencia, CA, USA). No more than 30 μg of gonadal 

tissue was homogenized in buffer RLT for 30 seconds at 3500 rpm with a Bead Bug microtube 

tissue homogenizer (#D1030, Benchmark Scientific, Edison, NJ, USA). During purification, 

samples were treated with RNAse-free DNAse (#79254, Qiagen) to avoid genomic DNA 

contamination. RNA concentration of extracts was measured with a Qubit 4.0 Fluorometer 
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(Invitrogen, Carlsbad, CA, USA) and a Qubit Broad Range Assay Kit (#Q10211, Invitrogen). RNA 

quality was measured using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, 

USA). The RNA integrity number (RIN) for all gonadal RNA samples was ≥ 9.4. RNA was stored 

at -80 °C prior to reverse transcription. We synthesized cDNA from samples by reverse 

transcribing 1 μg of RNA from each sample in a 40 μl reaction with a High Capacity cDNA reverse 

transcription kit (#436881, Applied Biosystems, Carlsbad, CA, USA). The reverse transcription 

reaction was conducted with the following thermal profile: 25 °C for 10 minutes, 37 °C for 120 

minutes, 85 °C for 5 minutes, and a final hold post reaction at 4 °C. The resulting cDNA was 

stored at -80 °C.

Six reference genes (B2M, ACTB, HPRT, PPIA, RSP3, and YWHAZ) were evaluated 

based on stability of expression in testicular and ovarian tissue46 and a single reference gene 

(B2M) was selected for examining testicular gene expression and two reference genes (YWHAZ 

and HPRT) were selected for ovarian gene expression. In all analyses, we used the Pfaffl (ΔΔ 

CT) method46 to normalize expression of genes of interest relative to reference genes while 

correcting for differences in reaction efficiency; the geometric mean of YWHAZ and HPRT was 

used as a reference for ovarian tissues47. Expression levels are reported relative to early 

hibernation.

We designed gene-specific primers for qRT-PCR using NCBI primer Blast and the publicly 

available AGS genome (ASM342692v1)48, with the exception of species-specific primer 

sequences for YWHAZ, which were obtained from a previously published study49 (Table 1.1). 

Samples were assayed in triplicate using Power SYBR™ Green PCR Master Mix (Applied 

Biosystems) on an ABI-7900 HT system (Applied Biosystems). We used 200 nM per primer and 

3 μL of cDNA from reverse transcription at a 1:15 dilution in water in each 15 μL qRT-PCR 

reaction. The reaction was conducted with the following cycle parameters: 95 °C for 10 minute, 

40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. A final dissociation curve (95 °C for 15 

seconds, 60 °C for 15 seconds, and 95 °C for 15 seconds) was run to verify that a single product 

was amplified. No template and no-reverse transcription controls were run to ensure that the 

reaction was not contaminated from the environment generally or with genomic DNA, specifically. 

A cDNA pool was created for each sex using both hibernating and non-hibernating samples to 

generate a six-point standard curve on a 1:5 dilution series and calculate the efficiency of the 

reaction. All reaction efficiencies were between 100% and 110%, suggesting slight polymerase 

inhibition. Correlation coefficients of curves were 98% or higher (testes) and 99% or higher 

(ovaries).
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Gonadal Size and Weight
Frozen ovaries and testes that were collected for qRT-PCR (see above) were weighed on an 

analytical balance (Sartorius, Gottingen, Germany) before a subsample was removed for qPCR 

analysis. Gonads for which it was impossible to obtain an accurate mass (e.g. due to the presence 

of non-gonadal tissue that could not easily be removed after being frozen) were not weighed. 

Length (L) and width (W) of testes were also measured to the nearest millimeter with a fine scale 

ruler and testicular volume was calculated using the following formula: Testicular Volume= 4/3 π 
L2W

Gonadal Histology
One-half of each testis and whole ovaries were step-sectioned to yield 5 μm thick sections every 

100 μms until five sections were obtained. Prepared slides were stained with hematoxylin and 

eosin and imaged at 20X (ovaries) and 40X (testes). Slides were scanned using a Leica Aperio 

ScanScope CS2 digital slide scanner or a Leica CTR6 LED microscope using the Leica program 

LASX (Leica Biosystems).

Testes were scored using both qualitative staging and quantitative measurements by a 

single observer blind to sampling timepoint or treatment. Testicular development was staged 

using a scale of 1-6 based on a previous protocol1. These stages were defined as follows: 1) 

presence of spermatogonia, 2) presence of spermatogonia and spermatocytes, 3) presence of 

spermatids, 4) presence of spermatozoa, 5) presence of spermiation with cellular debris, and 6) 

gonadal regression. Staging was conducted using 40x images based on five randomly selected, 

round seminiferous tubules (one per section). Stage score was almost always identical for all 

tubules; when it differed, the assigned score was based on the stage assigned to the majority of 

tubules. Additionally, the diameters of six round seminiferous tubules and the corresponding 

tubule lumens were measured for five sections taken from the middle of the testis (total 30 tubules 

measured per individual) using 10x images in ImageJ software (version 1.52n, National Institutes 

of Health). In females, the total number of antral follicles were counted in each ovarian section for 

up to five sections per individual using 10x images; we only counted antral follicles in which the 

oocytes were visible on the section. The diameter and total area of antral follicles with visible 

oocytes were also measured using ImageJ.

ELISAs
The levels of hormones testosterone (males), and estradiol and progesterone (females) were 

quantified using enzyme immunoassay (EIA) kits. Hormones were extracted from 100 μL plasma 
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using a previously described solid phase extraction protocol50. Extracted samples were eluted in 

90% methanol, dried at 35 °C in a ThermoSavant SpeedVac Concentrator (model SDP121P; 

Thermo Fisher Scientific, Waltham, MA, USA), and stored at -80 °C until use. The day prior to 

conducting assays, samples were resuspended in 1 mL assay buffer (1:2 dilution) and were 

shaken for 1 hour on a multi-tube vortexer (Glas-Col Large Capacity Mixer, speed set on 50; Glas- 

Col, Terre Haute, IN, USA). Reconstituted samples were stored at 4°C overnight and tubes were 

shaken again for 1 hour immediately before use.

Commercially available EIA kits (Arbor Assays, Ann Arbor, MI, USA) were used to quantify 

plasma testosterone in males (kit #K032) and estradiol (kit # KB30) and progesterone (kit #K025) 

in females. Assays were validated for use in AGS using tests of parallelism and standard addition.

All assays included a standard curve with standards and samples run in duplicate. 

Samples that exceeded 10% coefficient of variation (CV) between duplicates were re-analyzed 

whenever sufficient plasma was available. Intra-assay CV of plasma duplicates for each hormone 

ranged between 2.04 and 2.45% for testosterone, 1.98 and 3.19% for estradiol, and 0.93 and 

3.84% for progesterone. Inter-assay variation, calculated using plasma pools, was 12.5% for 

testosterone, 19.2% for estradiol, and 10.1% for progesterone.

Statistical Analysis
All statistical analyses were conducted using R v.3.6.151 with alpha set to 0.05. Due to male and 

female tissue collections occurring at different timepoints sexes were analyzed separately. To 

determine how cellular and physiological parameters from EM changed across time we used 

generalized linear mixed models (GLMMs) with individual ID set as a random effect and timepoint 

included as a fixed effect. Total cell area, cytoplasmic granule density, and RER abundance were 

the response variables for the thyrotroph and gonadotroph cells, whereas tanycyte density, 

number of neuron contacts with the ME basal lamina, and neuronal granule density were the 

response variables for the tanycyte cells. We used GLMMs with a Poisson distribution in the R 

package “lme4” to evaluate the number of neuron contacts with the ME basal lamina. We used 

the R package “ordinal” for models of thyrotroph and gonadotroph RER abundance data and 

linear mixed effect models with restricted maximum likelihood estimation were developed using 

the R package “LmerTest” for the remaining response variables. We evaluated model fit using Q- 

Q plots and Lillifor's normality tests. Due to a lack of normality, we transformed response variables 

from linear mixed effects models using the “bestNormalize” package in R; the ordered quantile 

normalization transformation was used for all response variables. Post hoc pairwise comparisons 
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were done using the R packages “LmerTest” and “emmeans” with a Kenward-Roger 

approximation for degrees of freedom.

All gonadal histology data (testis volume, antral follicle area, and antral follicle volume) 

were normalized using the R package “bestNormalize”52 and analyzed with a linear mixed effects 

model in “lme4”53 using restricted maximum likelihood estimation. These models included a 

random effect for individual ID (testis volume) or section nested within ID (antral follicle measures), 

and a fixed effect for timepoint. Post hoc testing for these measures was conducted in the package 

“LmerTest”54 with a Kenward-Roger approximation for degrees of freedom. Gonadal mass was 

analyzed using a Kruskal-Wallace rank sum test, followed by post-hoc Dunn tests of all pairwise 

comparisons among timepoints. Qualitative testis staging data were compared across timepoints 

using a Kruskal-Wallace rank sum test. Counts of each ovarian follicle type were modeled using 

a GLMM with a Poisson distribution in the R package “afex”55. The antral follicle count model 

included a fixed effect of timepoint and a random effect for tissue section, nested within individual 

id, to account for data overdispersion.

For RT-qPCR, we used the Kruskal-Wallace rank sum tests to compare the expression of 

genes of interest across timepoints and post-hoc Dunn Tests to identify significant pairwise 

comparisons. With ELISAs, duplicate values were averaged and hormone values across 

timepoints were compared using a Kruskal-Wallace rank sum test, followed by post-hoc Dunn 

tests.

1.4 Results
PT Thyrotroph Cells
Males

We found no evidence for change in the ultrastructure of PT thyrotroph cells during hibernation 

or post hibernation indicative of reproductive maturation. The cross sectional area of PT 

thyrotrophs was not significantly different between early (mean ± SD: 69.4 ± 20.2 μm2), mid (68.4 

± 38.4 μm2), and 15-day post hibernation (104.3 ± 52.3 μm2) males (F(df: 2, n: 9) = 0.69, p = 0.54; 

Fig. 1.3A). Granule density remained consistent across hibernation (F(2,9) = 1.64, p = 0.27) with 

early-hibernators having a mean of 2.5 ± 0.9 granules∕μm2, mid-hibernators with 1.7 ± 1.1 

granules∕μm2, and 15-day post hibernation males having 1.4 ± 1.2 granules/μm2 (Fig. 1.3B). 

There was also no significant change in RER abundance throughout hibernation (X2(2,9) = 2.94; p 

= 0.23). Lastly, the relationship between granule density and RER abundance was nonsignificant 

(F(2,9) = 1.03; p = 0.31; Fig. 1.3C).
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Females

There was no evidence that the cross-sectional cell area of PT thyrotrophs changed, but there 

was a decrease in granule density within thyrotroph cells of animals sampled post hibernation 

and a negative relationship between granule density and RER abundance, indicating the 

decrease was likely due to granular secretion. The cross sectional area of the PT thyrotrophs 

remained consistent between early (69.4 ± 29.1 μm2) and late hibernation (68.2 ± 25.8 μm2), but 

by 8-day post hibernation there was a trend towards an increase in cell size (91.6 ± 23.2 μm2; 

F(2,10) = 3.21, p = 0.10; Fig. 1.3D). Granule density also remained consistent between early (1.4 

± 1.2 granules/μm2) and late hibernators (1.6 ± 1.1 granules/μm2), but decreased significantly to 

0.3 ± 0.2 granules/μm2 for 8-day post hibernators (F(2,10) = 6.05; p < 0.05; Fig. 1.3E). There was 
no significant difference in RER abundance as hibernation progressed (X2(2,10) = 3.66; p = 0.16) 

but there was negative correlation between granule density with RER abundance (F(2,10) = 15.79; 

p < 0.0001; Fig. 1.3F).

Median Eminence Tanycyte Cells
Males

Tanycyte density and neuronal granule density within the ME of the hypothalamus were not found 

to be significantly different across hibernation, however, there was evidence that the number of 

neuron contacts with the ME basal lamina decreased throughout hibernation. The percentage of 

area occupied by tanycyte processes along the ME basal lamina tended to increase from 11.0% 

during early hibernation, to 34.8% during mid-hibernation, to 55.6% 15-day post hibernation (F(2,9) 

= 3.67 p = 0.09, Fig. 1.4A). Additionally, the number of granules counted within neurons occurring 

in close proximity to the ME basal lamina did not change, with animals sampled in early 

hibernation having a mean of 3.1 ± 2.3 granules/μm2, mid-hibernation having a mean of 2.8 ± 2.8 

granules/μm2 and 15-day post hibernation having a mean of 0.6 ± 0.8 granules/μm2 (F(2,9) = 2.07, 

p = 0.21, Fig. 1.4B). However, the number of neuronal contacts along 5 μm segments of the ME 

basal lamina significantly decreased across hibernation, with early hibernators having a mean of 

5.1 ± 2.4 neuron contacts mid-hibernators having 2.7 ± 2.7 neuron contacts, and 15-post 

hibernators having a mean of 1.1 ± 1.2 neuron contacts (X2(2,9) = 18.03, p < 0.001, Fig. 1.4C).

Females

Although there were no significant changes in the ultrastructure of ME tanycytes during 

hibernation in females, tanycyte density tended to decrease and neuron contacts increase - a 

trend opposite of that seen in males. The density of tanycyte processes along the hypothalamic 
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ME basal lamina remained consistent across time and comprised 48.1%, 55.3%, and 31.8% 

during early, mid, and 8-day post hibernation, respectively (F(2,10) = 1.67; p = 0.25; Fig. 1.4D). 

Additionally, the number of granules found within neurons in proximity to the ME basal lamina 

remained low and did not change across hibernation (F(2,10) = 0.10; p = 0.90; Fig. 1.4E), with early 

hibernation having a mean of 1.5 ± 1.2 granules/μm2, late hibernation having a mean of 1.1 ± 0.9 

granules/μm2, and 8-day post hibernation having a mean of 1.1 ± 0.7 granules/μm2. The number 

of neuron contacts also did not significantly change; early hibernators had a mean of 1.8 ± 1.6 

neuron contacts, late hibernators had a mean of 2.1 ± 2.8 contacts, and post hibernation had a 

mean of 3.5 ± 2.5 contacts (X2(2,10) = 3.57; p = 0.17; Fig. 1.4F).

PD Gonadotroph Cells
Males

We found no indication that granule density in gonadotrophs changed but the cross-sectional area 

was higher in post-hibernation males compared to hibernating males and there was a negative 

relationship between granule density and RER abundance. The cross sectional area of PD 

gonadotroph cells stayed consistent between early (67.8 ± 23.1 μm2) and mid-hibernation (61.8 

± 27.4 μm2; Fig. 1.5A), but by 15-day post hibernation, the cross-sectional area of the 

gonadotroph cells significantly increased to 101.2 ± 28.6 μm2; F(2,9) = 5.88, p < 0.05). There was 

also a trend towards a decrease in gonadotroph granule density (F(2,9) = 4.89, p = 0.06) from 7.1 

± 1.8 granules/μm2 in early hibernation to 4.7 ± 1.8 granules/μm2 in mid-hibernation and then 5.4 

±1.7 granules/μm2at 15-day post hibernation (Fig. 1.5B). There was also a trend for RER 

abundance to increase across hibernation (X2(2,9) = 4.82; p = 0.09). Furthermore, there was a 

significant negative relationship between granule density and RER abundance (F(2,9) = 11.85; p < 

0.001), where early hibernators have a high granule density and low RER abundance, and mid- 

and post- hibernators have a lower granule density but higher RER abundance (Fig. 1.5C).

Females

We found evidence that the cross-sectional area of gonadotroph cells increased across 

hibernation in females and that granule density significantly fluctuated throughout hibernation and 

into post hibernation, but there was no significant correlation between granule density and RER 

abundance. The cross sectional area of PD gonadotroph cells significantly increased between 

early and late hibernation (F(2,10) = 10.47, p < 0.01), with early hibernators being 59.3 ± 17.7 μm2 

and late hibernators being 79.9 ± 34.0 μm2. Cross sectional area of gonadotrophs was largest in 

the 8-day post hibernation group (94.5 ± 27.7 μm2) and equivalent to that of animals from the late 
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hibernation group (Fig. 1.5D). Although not significant for males, the pattern of change in female 

gonadotroph granule density was similar to what was observed in males (F(2,10) = 35.50, p < 

0.001); granular density was highest in early hibernators (7.1 ± 1.8 granules∕μm2) and decreased 

by late hibernation (4.6 ± 1.8 granules∕μm2), but then increased again by 8-day post hibernation 

(6.2 ±1.7 granules∕μm2; Fig. 1.5E). Additionally, there was no significant change in RER 

abundance throughout hibernation (X2(2,10) = 2.23; p = 0.33). Lastly, there was no clear relationship 

between granule density and RER abundance in females (F(2,10) = 1.20; p = 0.27; Fig. 1.5F).

Periphery: Gonadal Gene Expression, Gonadal Histology, and Plasma Sex Steroids
Males

In testes, seminiferous tubule and lumen diameter were significantly higher in mid-hibernation 

compared with early hibernation males, whereas testes mass, expression of steroidogenic 

enzymes (STAR and CYP11A), and spermatogenesis staging were only higher in the 15-day post 

hibernation males compared with early and mid-hibernators, suggesting gonadal devleopment is 

overlapping with hibernation. Mass of testes was significantly higher (X2(2,28) = 12.21; p < 0.01) in 

15-day post hibernation males (1.7 ± 0.6 g) compared to both early (0.5 ± 0.1 g) and mid

hibernation males (0.5 ± 0.1 g; Fig. 1.6A). Testes seminiferous tubule diameters were significantly 

larger (F(2,540) = 32.13, p < 0.0001) between early (124.6 ± 11.6 μm), mid- (143.0 ± 13.0 μm), and 

15-day post hibernation (211.6 ± 32.4 μm; Fig. 1.6B). Testes seminiferous lumen diameter had a 

similar pattern to tubule diameter, in that all timepoints were significantly different (F(2,540) = 67.98, 

p < 0.0001) with early having a mean of 34.5 ± 11.9 μm, mid-hibernation having a mean of 54.6 

± 13.7 μm, and 15 day post hibernation having a mean of 116.0 ± 43.8 μm (Fig. 1.6C). However, 

differences in spermatogenic staging were only observable in the 15 day post hibernation group: 

during early and mid-hibernation only spermatogonia and spermatocytes were present in testes 

but by 15 days post hibernation, testes contained spermatids and spermatozoa. There was, 

however, no mature sperm present by 15-day post hibernation, indicating that the testes were not 

fully mature. Expression of STAR did not differ significantly between early and mid-hibernation 

(1.1 ± 0.3-fold) but increased 6.3 ± 3.4-fold by 15-day post hibernation (X2(2,28) = 11.96; p < 0.01; 

Fig. 1.6D). There also was no difference in CYP11A expression between early and mid

hibernation (1.2 ± 0.2 fold increase) but by 15-day post hibernation there was a 6.1 ± 3.0 fold 

increase (X2(2,28) = 15.11; p < 0.001; Fig. 1.6E). No significant changes were found in the 

expression of Erβ, FSHR, NGF1, and NGFR. Testosterone showed the same pattern with 

significantly higher levels (X2(2,54) = 7.54; p < 0.05) at 15-day post hibernation (4.1 ± 4.2 ng/mL) 

when compared to early (0.6 ± 0.5 ng/mL) and mid-hibernation (1.3 ± 2.1 ng/mL; Fig. 1.6F).
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Females

Ovarian mass, number of antral follicles, and CYP11A expression increased, and NGF1 

expression decreased by late hibernation, but antral follicle diameter and FSHR expression didn't 

change until post hibernation and plasma sex steroid levels didn't differ among females at any 

timepoints, suggesting that some gonadal delopment is coinciding with hibernation. There was a 

significant increase (X2(2,20) = 10.03; p = 0.01) in ovarian mass between early (0.02 ± 0.004 g) and 

late hibernation (0.03 ± 0.008 g), as well as 8-day post hibernation (0.03 ± 0.0004 g; Fig. 1.7A). 

There was an increase in antral follicle diameter (F(2,808) = 6.36, p < 0.01) with 8-day post 

hibernation females (360.7 ± 128.5 μm) having significantly larger diameters than early (308.6 ±

117.4 μm) and late hibernators (308.8 ± 121.3 μm; Fig. 1.7B). Female squirrels also show an 

increase (X2(2,20) = 6.62; p = 0.04) in antral follicle number between early (9.0 ± 3.0 antral 

follicles/section) and late hibernation (12.0 ± 3.2 antral follicles/section; Fig. 1.7C). The 

expression of CYP11A showed significant changes (X2(2, 34) = 9.36; p < 0.01) at every timepoint; 

compared to early hibernators, expression of CYP11A was 1.5 ± 0.6-fold higher in late hibernation 

animals, and 1.9 ± 0.9-fold higher in 8-day post hibernation animals (Fig. 1.7D). Additionally, the 

expression of FSHR did not differ between early and late hibernators but there was a 0.5 ± 0.4- 

fold decrease by 8-day post hibernation (X2(2, 35) = 5.86; p < 0.05; Fig. 1.7E). NGF1 expression 

decreased 0.6 ± 0.3-fold between early and late hibernators and remained low in post hibernation 

females (X2(2,34) = 8.68; p < 0.05; Fig. 1.7F). There were, however, no significant changes in the 

expression of STAR, Erβ, and NGF1 between sampling points. There were also no significant 

changes observed for progesterone (X2(2,57) = 0.74; p = 0.69), with early hibernation levels (0.7 ± 

0.4 ng/mL), being similar to late hibernation levels (0.6 ± 0.4 ng/mL), and post hibernation levels 

(0.6 ± 0.4 ng/mL). Similarly, estradiol levels did not differ between timepoints (X2(2,57) = 0.09; p = 

0.95), with early hibernators having 0.02 ± 0.009 ng/mL, late hibernators having 0.02 ± 0.009 

ng/mL, and post hibernators having 0.02 ± 0.009 ng/mL.

1.5 Discussion
This is the first time female AGS have been investigated for reproductive maturation during 

hibernation and we found that, in both sexes and under constant darkness, reproductive 

maturation does overlap with hibernation. In most seasonally breeding mammals, a photoperiod

dependent melatonin signal triggers cellular remodeling of glial and neuroendocrine cells in the 

hypothalamus and pituitary, and this remodeling is key to activation of reproductive circuits and 

maturation of the gonads. We used electron microscopy to define and quantify cellular 

ultrastructural remodeling of PT thyrotroph cells, ME tanycytes, and PD gonadotroph cells in 
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hibernating AGS to determine whether these changes occur during hibernation under conditions 

of continuous darkness. We found evidence for moderate cellular ultrastructural changes 

occurring during hibernation in both sexes. For males, we observed fewer neuronal contacts with 

the ME basal lamina of the hypothalamus and testes seminiferous tubule enlargement by mid

hibernation. For females, we saw an increase in cross-sectional area and a lower granule density 

of PD gonadotrophs across hibernation. These changes in the pituitary coincided with changes in 

the ovaries, including increases in mass, number of antral follicles, and CYP11A expression, and 

decreases in NGF1 expression. Due to the suppression of normal bodily functions during deep 

torpor, we hypothesize that IBAs serve a preparatory function, allowing for cellular remodeling to 

facilitate the onset of puberty in anticipation of the following breeding season. Additionally, our 

findings are consistent with the hypothesis that activation of the reproductive axis is involved in 

triggering the termination of hibernation, although this requires further study.

Photoperiodic Response vs Endogenous Response

In the present study, we observed a significant decrease in PT thyrotroph granule density, as well 

as a trend towards an increase in thyrotroph cell area in females exposed to a post-hibernation 

LD cycle for 5 days (i.e., the 8-day post hibernation group). There was also a negative relationship 

between RER abundance and granule density in PT thyrotroph cells, which suggests a secretory 

phenotype in post-hibernation females. Although not significant, males expressed a similar 

pattern. While we did not observe cellular morphological changes occurring during hibernation, 

our data suggests that, at least in females, the PT thyrotroph cells in AGS may require exposure 

to a LD cycle to initiate involvement in the activation of reproduction. However, this idea is not 

supported by examination of male AGS, who become reproductively competent within their 

hibernacula without exposure to photic cues23. Consistent with this, two of the three post

hibernation males held under conditions of continuous darkness in our study had slightly enlarged 

thyrotrophs relative to hibernating animals (Fig 3). Additionally, our study shows that changes in 

the ultrastructure of tanycytic processes at the basal lamina differ between the sexes in AGS. 

Although not significant, female AGS showed a similar pattern to quail and sheep13,21, with 

tanycyte endfeet processes retracting away from the basal lamina and the number of direct 

neuron contacts with the basal lamina increasing post hibernation. In contrast to our findings in 

female AGS and prior studies in quail and sheep13,21, we found increased density of tanycyte 

endfeet processes along the ME in reproductive males (i.e., post hibernating males), along with 

significant decreases in the number of direct neurons in contact with the basal lamina. We are 

unable to explain this surprising result. However, given we were unable to identify conclusively 
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whether the neurons we observed were GnRH neurons, it is possible tanycytes were preventing 

signaling by another type of neuron. For example, it has been previously demonstrated that 

tanycytes are involved with metabolic regulation56,57, acting as barriers and preventing the release 

of TRH at the basal lamina. Further work is needed to establish whether tanycytes are affecting 

GnRH and/or TRH neuron communication across hibernation.

Photoperiodic species rely directly on changes in daylength to regulate the timing of seasonal 

life-history traits. They do this by translating external photoperiodic cues into an internal signal via 

the secretion of melatonin from the pineal, which then binds to PT thyrotroph cells58. Some 

species, however, possess an endogenous circannual clock that acts as a robust pacemaker to 

maintain biological rhythms with a period of roughly a year without direct reliance on a changing 

photoperiod. While the location and mechanical makeup of this free-running clock is unknown, it 

is hypothesized to reside in PT thyrotroph cells where it is entrained through the photoperiodic 

cues via circulating melatonin9,15,59. It has been previously shown that the PT thyrotrophs of sheep 

and Djungarian hamsters (SP and LP breeders, respectively) exhibit pronounced changes in 

ultrastructure under LP conditions, regardless of their normal breeding season. Changes to 

thyrotrophs include increased cellular area and cellular contacts with surrounding cells and a 

decrease in the density of secretory granules containing thyroid stimulating hormone (TSH) under 

LP conditions, with the reciprocal occurring when exposed to SP condiions13,20.

In contrast, small hibernating species do not experience a changing photoperiod when they 

are sequestered in their hibernacula, and it has been established that they do not maintain 

melatonin rhythms while in deep torpor60,61. It has been speculated that PT thyrotroph cells may 

act in a melatonin-independent manner to drive circannual rhythms in the absence of light or 

under constant photoperiod conditions11,13,29. This idea is supported by the finding that when 

pinealectomized male European hamsters, a hibernating LP breeder known to display circannual 

rhythms, are exposed to constant LP conditions, it caused them to undergo robust cycles in body 

weight, testis mass, and body temperature11. As a result, they continue to display seasonal 

changes in reproductive physiology without exposure to a changing photoperiod or altered 

melatonin signaling. Additionally, sheep (non-hibernating SP breeders) exposed to an extended 

LP treatment become photorefractory, with PT thyrotroph cells reverting to SP-like morphology13, 

indicating that PT thyrotrophs are capable of regulating reproductive onset without exposure to a 

changing photoperiod.

Another component thought to be integral to activation of reproduction in seasonally breeding 

species are the ME tanycyte cells. Within the hypothalamus, GnRH neurons are interwoven 

throughout the preoptic area and extend to the ME, which leads to the pituitary through the 

21



infundibulum stalk; these GnRH neurons initiate the hormone cascade that characterizes the 

hypothalamus-pituitary-gonadal (HPG) axis62. Until now, seasonal ultrastructural changes of ME 

tanycytes of the hypothalamus have only been reported in both male Japanese quail and male 

sheep (LP and SP breeders, respectively); when exposed to photoperiods that corresponded with 

their natural breeding season, these species undergo cellular remodeling of ME tanycytes, which 

begin retracting their endfeet processes, allowing GnRH neurons to make direct contact with the 

ME basal lamina13,21. In contrast, when exposed to photoperiods consistent with their non

breeding season, they have a distinct tanycyte barrier between the GnRH neurons and ME basal 

lamina13,21. Additionally, when sheep were exposed to a LP (their non-breeding conditions) for an 

extended duration (29 weeks) they become photorefractory, with tanycyte endfeet processes 

retracting away from the ME basal lamina, allowing GnRH neurons to make direct contact with 

the ME basal lamina13.

Relationship Between the Termination of Hibernation and Reproduction

In our study, male AGS seminiferous tubule and lumen diameters significantly increased as early 

as mid-hibernation, but we did not observe increases in testosterone levels, steroidogenic gene 

expression and testes mass until 15-day post hibernation. This indicates that males initiate 

gonadal maturation prior to the termination of hibernation, and we suggest that activation of the 

reproductive axis, including the shift to a secretory phenotype by gonadotroph cells, may be linked 

to their earlier termination of hibernation. Additionally, our study demonstrates for the first time 

that reproductive maturation begins during hibernation for females, as gonadotroph area, ovarian 

mass, antral follicle count, and steroidogenic gene expression in the ovaries are all higher in late 

hibernating females compared to early hibernating females. Additionally, we observed a decrease 

in gonadotroph granule density by late hibernation and a concurrent study revealed that there 

was a significant change in TSHβ, DIO2, DIO3, AND KISS expression by late hibernation63. These 

findings suggest that, like males, activation of the reproductive axis may aid in the termination of 

hibernation.

The correct timing of annually recurring life-cycle events is crucial for the survival and 

fitness of species, which is why the endogenous circannual clock is thought to be important for 

species that do not always have access to photoperiodic cues. However, entrainment of the 

circannual clock, via exposure to changes in day length at certain times of the year, is likely critical 

to maintaining appropriate timing. The endogenous circannual clock determines the order and 

persistence of seasonal life-history events, as well as the timeframe in which physiologically- 

linked events occur, such as hibernation and reproduction11·23-26. However, it is likely that non- 
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photic cues, such as snow cover or ambient temperature, are also utilized to fine tune the timing 

of seasonal events, including reproduction23,64. The timing of hibernation emergence and 

reproduction has been shown to be particularly important for many sexually maturing male 

sciurids, as they must end hibernation and become euthermic a few days to several weeks 

(depending on the species) prior to females, in order to allow for the completion of testicular 
maturation6,23,41.

It has been hypothesized that activation of the reproductive axis in sexually maturing 

males is what triggers the earlier termination of hibernation, but peak testosterone levels are not 

required for early termination6,65,66. This hypothesis is supported by studies demonstrating that 

castration extends hibernation in ground squirrels, while the administration of synthetic 

testosterone causes animals to prematurely terminate hibernation33,34. Furthermore, males that 

do not become sexually mature (typically juveniles/yearlings) prolong their hibernation season by 

more than a month, compared to sexually maturing males. One limitation of our study is a lack of 

males sampled during late hibernation, and therefore we may have missed additional changes 

that could be involved in triggering their earlier termination from hibernation. However, a 

concurrent study showed that testis mass and steroidogenic gene expression are significantly 

elevated by late hibernation63. Thus, sampling males later in hibernation may reveal further 

changes in the cellular ultrastructure of neuroendocrine cells compared to the limited 

morphological changes we observed in the PT and hypothalamus.

Although the hypothesis that activation of the reproductive axis may trigger the termination 

of hibernation was previously put forward for males6,65,66, lab studies have ignored the potential 

for activation of the reproductive axis to influence hibernation phenology in females. However, 

field studies indicate that non-reproductive animals will terminate hibernation several days to 

weeks later than sexually maturing females41. It could be argued that the timing of hibernation 

emergence and reproduction are just as critical to sexually maturing female sciurids. Typically, 

females emerge from their burrows and mate within a few days of terminating hibernation23. This 

rapid transition from hibernation to reproduction provides female ground squirrels with sufficient 

time to breed, gestate, wean, and fatten prior to their next bout of hibernation. Perhaps more 

importantly, offspring need adequate time to grow and fatten prior to initiating their first hibernation 

season; although females enter hibernation in August when food remains plentiful, juveniles 

continue to forage until late in the Autumn and not all juveniles are able to obtain sufficient 
resources to breed the following summer41,42.

Prior research has often assumed that females only undergo reproductive maturation once 

hibernation is terminated. Although in some species females will commence ovarian follicular 
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development immediately prior to initiating hibernation, it has still been assumed that follicle 

development is subsequently arrested until hibernation is terminated the following spring67,68. 

While the exact mechanism that links hibernation to reproduction in females is still largely 

unknown, our results indicate that, similar to males, females may be relying on activation of the 

reproductive axis to terminate hibernation. However, while increasing testosterone can cause the 

earlier termination of hibernation in males, elucidating the mechanism(s) in females requires 

further investigation.
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1.7 Figures

Fig. 1.1: General representation of a long photoperiod seasonal-breeding mammal. During long 
photoperiods (right) melatonin (Mel) translates day length into an internal signal that binds to pars tuberalis 
(PT) thyrotroph cells (pink) within the pituitary. Mel triggers thyrotroph cells to enlarge and release hormone 
granules containing thyroid stimulating hormone (TSH) which binds to hypothalamic tanycytes (green). 
During short photoperiods (left), end feet processes of tanycyte cells create a cellular barrier along the 
median eminence basal lamina (orange dashed line) that prevents GnRH neurons (blue) from 
communicating to the pituitary. Under long photoperiods, TSH binds to tanycytes causing their end feet 
processes to retract, allowing GnRH neurons to release GnRH that will travel through the pituitary stalk to 
the pars distalis (PD) gonadotroph cells (red) of the pituitary. The gonadotrophs then release granules 
containing luteinizing hormone (LH) and follicle-stimulating hormone (FSH). These hormones travel through 
the circulatory system to the gonads where they have regulatory effects and activate reproduction. 3V=third 
ventricle.
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Fig. 1.2: Depiction of our study design. Male (top) and a female (bottom) AGS were sampled while 
euthermic at early (E), mid- (M), and late (L) hibernation during forced arousals. Post-hibernation groups 
(P) terminated hibernation naturally and were sampled after 15 days of euthermy under constant dark 
conditions (males) or after 8 days of euthermy, following exposure to a long day photoperiod (16:8 LD) for 
5 days (females). Black lines depict body temperature, and the colored circles indicate timepoints when 
each sex was sampled. LDT = light dark transition. Body temperature traces used to create the plots are 
from free-living ground squirrels69.
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Fig. 1.3: Measures of the cross-sectional area (A & D), the density of secretory granules (B & E), and the
relationship between relative RER abundance and secretory granule density in thyrotroph cells (C & F).
AGS were sampled in early hibernation, mid-hibernation (males only), late hibernation (females only), and
post hibernation with males on left (A-C; n = 9) and females on right (D-F; n = 10). In all boxplots, colored
data points represent individuals that were sampled, error bars represent the 25th and 75th quartiles, and
lowercase letters signify significance (p < 0.05).

31



Fig. 1.4: Measures of tanycyte density, represented in a percentage (A & D), the density of secretory
granules within present neurons (B & E), and the number of direct neuron contacts with the ME basal lamina
in the hypothalamus (C & F). AGS were sampled in early hibernation, mid-hibernation (males only), late
hibernation (females only), and post hibernation with males on left (A-C; n = 9) and females on right (D-F;
n = 10). In all boxplots, colored data points represent individuals that were sampled, error bars represent
the 25th and 75th quartiles, and lowercase letters signify significance (p < 0.05).
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Fig. 1.5: Measures of the cross-sectional area (A & D), the density of secretory granules (B & E), and the
relationship between relative RER abundance and secretory granule density in gonadotroph cells (C & F).
AGS were sampled in early hibernation, mid-hibernation (males only), late hibernation (females only), and
post hibernation with males on left (A-C; n = 9) and females on right (D-F; n = 10). In all boxplots, colored
data points represent individuals that were sampled, error bars represent the 25th and 75th quartiles, and
lowercase letters signify significance (p < 0.05).
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Fig. 1.6: Measures of gonadal development in early hibernation, mid-hibernation, and post hibernation
males - mass of testes (A), seminiferous tubule (B), lumen diameter (C), expression of STAR (D) and
CYP11A (E) in fold change, and circulating plasma testosterone concentrations (F). In all boxplots, coloring
represents collection timepoints, error bars represent the 25th and 75th quartiles, and lowercase letters
signify significance (p < 0.05).
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Fig. 1.7: Measures of gonadal development in early hibernation, late-hibernation, and post hibernation
females - mass of ovaries (A), antral follicle diameter (B), the number of antral follicles (C), expression of
CYP11A (D), FSHR (E), and NGF1 (F) in fold change. In all boxplots, coloring represents collection
timepoints, error bars represent the 25th and 75th quartiles, and lowercase letters signify significance (p <
0.05).
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1.8 Tables
Gene Symbol Protein Direction Sequence Product Length
Housekeeping Genes
B2M beta-2-microglobulin Forward Gcagtcggacctctctttca 146

Reverse Tgtctcggtcccacttcact
ACTB Actin, cytoplasmic like

1
Forward Gcctgcgttctgttctti ii 149
Reverse Tacatggccggtgtgttgaa

HPRT hypoxanthine 
phosphoribosyltrans
ferase 1

Forward Cttgctggtgaaaagaacctcta 98
Reverse Agtcaagggcatatccaacaac

PPIA peptidylprolyl 
isomerase A

Forward Aggccctggcattttgtcta 97
Reverse cttgccatccaaccactcag

RSP3 ribosomal protein S3 Forward Cgagttacaccaaccaggaca 124
Reverse Cagggaagccaaacctcctct

YWHAZ protein kinase C 
inhibitor protein

Forward Gggctaagttatacccaaagc 147
Reverse Agaaaacattgtccctgctc

Genes of Interest
CYP11A cytochrome P450 side 

chain cleavage
Forward Agacactgagactccaccc 183
Reverse Cattgtccagccatcggttt

ERβ estrogen receptor 2/ 
estrogen receptor 
beta

Forward Atggagtctggtcgtgtgaa 90
Reverse Actgattcgtagctgggcaa

FSHR follicle stimulating 
hormone receptor

Forward Tttgcaaactggagacggc 105
Reverse Gactctctgacccctagcct

NGF nerve growth factor Forward Ggcccaataacagctiiicca 120
Reverse Ctgcctgtatgccgatcaaaa

NGFR nerve growth factor 
receptor

Forward Ccagactgtgtgtgaaccct 178
Reverse Ggtgatctcgtcctggtagt

STAR steroidogenic acute 
regulatory protein

Forward Aacccagcaggcaaatggag 131
Reverse cctccatgcgttccacaagt

Table 1.1: Primers for housekeeping genes and genes of interest were designed for qRT-PCR using the 
publicly available arctic ground squirrel genome (ASM342692v1) on NCBI Primer Blast48. One additional 
housekeeping gene primer (YWHAZ) was obtained from a prior study of arctic ground squirrels70. We 
blasted these primer sequences against the published genome to confirm primer specificity.
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Chapter 2: Effects of Mid-Hibernation Warming on Neuroendocrine Systems that Control the 
Reproductive Axis2

2 Duncan, C., Christian, H.C., Chmura, H., Buck, C.L., Barnes, B.M., Loudon, A.S.I., Williams, C.T. Effects of Mid-Hibernation 
Warming on Neuroendocrine Systems that Control the Reproductive Axis. Manuscript in preparation for the Royal Society Open 
Science.

2.1 Abstract
In photoperiodic seasonal breeders, changes in daylength drive ultrastructural changes of 

hypothalamic glial cells and pituitary neuroendocrine cells that are involved with regulating 

reproductive onset. Recently, these cellular changes have also been observed under conditions 

of continuous darkness during hibernation in the arctic ground squirrel (Urocitellus parryii; 

hereafter AGS), whose reproductive season immediately follows hibernation. During hibernation, 

torpor bouts, where bodily functions and cellular processes are largely suppressed, are 

periodically interrupted by interbout arousals (IBAs), when individuals temporarily return to 

euthermy. We hypothesize that cellular remodeling and activation of the reproductive axis occurs 

during these IBAs. We forced the termination of hibernation by warming male AGS during mid

hibernation and utilized electron microscopy to examine whether changes occur in the cellular 

ultrastructure of pars tuberalis (PT) thyrotrophs, median eminence tanycytes, and pars distalis 

(PD) gonadotrophs. Additionally, to assess reproductive maturation, we measured gonadal mass 

and the expression of genes associated with gonadal development. Warming had no effect on 

ME tanycytes and did not alter the size of PT thyrotrophs or PD gonadotrophs, although we 

observed increases in the density of secretory granules within PD gonadotrophs and a trending 

increase in PT thyrotrophs. The testes did not initiate development or increase in size, although 

we observed slight increases in CYP11A, Erβ, and NGFR expression. Our study indicates that 

while the neuroendocrine pathway that activates the reproductive axis exhibits some plasticity, 

two weeks of warming alone is insufficient to advance reproductive maturation, presumably 

because activation is dependent on the phase of the circannual clock.
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2.2 Introduction
Animals that occupy highly seasonal environments have evolved a variety of life-history traits (e.g. 

migration and hibernation) that allow them to avoid or withstand predictable food shortages and 

low ambient temperatures. The capacity of these animals to anticipate environmental conditions 

is critical for balancing the competing demands of reproduction and self-maintenance. Thus, 

appropriately timing annually recurring life-history events, especially reproduction, is crucial for 

individual fitness.

Most seasonally-breeding vertebrates rely on photoperiodic changes (i.e. changes in 

daylength) to regulate reproduction because it provides a relatively precise way to predict the 

annual peak in resource availability1-6. In these animals, exposure to long days alters thyrotropin 

(TSH) in the pars turberalis (PT) driving changes in hypothalamic triiodothyronine (T3) availability 

which triggers seasonal transitions in reproductive neuroendocrine activity7,8. This photoperiodic 

activation of the reproductive axis involves remodeling of hypothalamic ependymal-glial cells 

(tanycytes) and pituitary neuroendocrine cells (thyrotrophs and gonadotrophs)9,10. Most 

hibernators, however, sequester themselves in dark, well-insulated hibernacula and reproduce 

immediately after hibernation is terminated. Thus, they have the additional challenge of keeping 

time without exposure to a changing photoperiod or a reliable signal of ambient temperature 

conditions on the surface. Instead, hibernators possess a strong endogenous circannual clock 

that accurately relays the phase of the annual cycle. For example, it has been shown that ground 

squirrels kept under constant temperature and light conditions maintain a roughly twelve month 

annual cycle11,12. While the location and molecular makeup of this endogenous clock is still 

uncertain, the mechanisms that regulate the onset of reproduction and the termination of 

hibernation may be linked.

Hibernation in small mammals is characterized by extended bouts of torpor, during which 

metabolism is suppressed and body temperature drops to near ambient levels13,14. These torpor 

bouts are interrupted every 2-3 weeks by interbout arousals (IBAs), during which metabolism 

temporarily (<24 hrs) returns to normal levels and animals rewarm to euthermic body 

temperatures15. While the function of IBAs remain largely unknown, they are thought to be 

involved in the maintenance of homeostatic function16. Recently, we found that the brain is not 

static across hibernation, but instead undergoes marked up-regulation of the TSH/TH axis across 

hibernation17, along with cellular remodeling of median eminence (ME) tanycytes, PT thyrotrophs, 

and pars distalis (PD) gonadotrophs triggering activation of the reproductive axis18. Because 

many cellular processes, including transcription and translation19, are halted or substantially 
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suppressed during deep torpor, we hypothesize that IBAs may be necessary for cellular 

remodeling and stimulation of the reproductive axis.

Although circannual rhythms are thought to be largely unaffected by temperature20, 

exposing hibernators to high ambient temperature conditions (30oC) has been shown to induce 

the premature termination of hibernation21. This suggests that the endogenous circannual clock 

is not solely responsible for the timing of annual cycles and animals exhibit some degree of 

physiological plasticity. In the present study, we expose male arctic ground squirrels (Urocitellus 

parryii; hereafter AGS) to high ambient temperatures to end hibernation several months early and 

then utilize electron microscopy to examine whether this induces morphological changes in glial 

and neuroendocrine cells of the PT, hypothalamus, and pituitary. We also assess testicular 

development using morphometric measurements and gene expression, to determine whether 

euthermia alone induces premature activation of the reproductive axis. We predicted that the 

suppression of torpor would initiate ultrastructural changes in PT thyrotrophs, ME tanycytes, and 

PD gonadotrophs, similar to what we previously observed in ground squirrels naturally terminating 

hibernation18. This experimental approach allowed us to examine the extent to which the timing 

of ultrastructural changes in glial and neuroendocrine cells are plastic and independent of 

circannual timing.

2.3 Methodology
Six juvenile male AGS, captured in July 2017 near Atigun River in Northern Alaska (68°27'N, 

149°21'W), were housed in environmental chambers held at 2 °C with no light (i.e., continuous 

darkness) beginning in early fall, at which point they entered hibernation. On December 26, after 

~3.5 mo of hibernation, animals were randomly split into two groups - control animals were 

maintained at 2 °C in constant darkness whereas experimental animals were transferred to a 30 

°C dark room which caused all individuals to immediately terminate hibernation. Two weeks later, 

all animals were lethally sampled, and their brains and gonads were collected. Additional gonads 

were opportunistically collected from a concurrent experiment, allowing us to increase our total 

sample size to nine males per group. To ensure control animals were euthermic at the time of 

sampling, individuals were induced to arouse from torpor by 2-3 minutes of gentle massage 16

18 hrs before scheduled sampling. Immediately prior to sampling, animals were deeply 

anesthetized using 5% isoflurane and euthanized via decapitation. Testes were removed and 

frozen in liquid nitrogen. Brains were removed and fixed in 3% paraformaldehyde/0.05% 

gluteraldehyde in 0.1 M phosphate buffered saline (PBS; pH 7.2). After 24hrs at room 
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temperature, brains were transferred to a 1:10 dilution of the paraformaldehyde/glutaraldehyde 

fixative in 0.1 M PBS for storage at 4 °C.

A block of tissue (~0.5 cm3) containing the hypothalamus and the pituitary was removed 

from the brain and the block was further cut into 0.5 μm3 cubes. Pituitary and hypothalamic tissues 

were resin embedded as described in Duncan et al. (2021)18. Using a Reichart-Jung Ultracut 

ultramicrotome, ultrathin sections (50-80 nm) were obtained from the resin embedded tissues and 

mounted on nickel grids (Agar Scientific Ltd; Stanstead, UK). Tissue sections were examined 

using a JEOL 1010 transmission electron microscope (JOEL USA Inc.; Peabody, MA). For each 

individual, at least twenty images for each cell type were taken when the nucleus was present at 

a magnification of 800-1500x for PT thyrotroph cells and PD gonadotroph cells, and 2000x for 

tanycyte cells. All images for each individual were taken from the same section of tissue. The 

imager was blinded to the treatment of the sample. Using ImageJ (version 1.52a, NIH 2019) we 

determined the cytoplasmic, nuclear, and total cell area; counted the number of granules; and 

calculated the granule density (# of granules/cytoplasmic area) for the PT thyrotroph and PD 

gonadotroph cells. Rough endoplasmic reticulum (RER) presence was also visually assessed 

and graded on a scale of 0-4 (0=no presence of RER and 4=most abundant). For hypothalamic 

tanycytes, we drew a 4 μm x 5 μm box with the 5 μm side lined up along the ME basal lamina 

and, within this box, measured the number of neuron contacts with the ME basal lamina, the 

number of neuron granules, the thickness of the tanycyte barrier, and the percentage of area that 

is occupied by tanycytes. All measurements were taken by an individual blinded to treatment of 

the sample following the protocol described in chapter one18.

We used reverse transcription quantitative PCR (RT-qPCR) to determine whether 

steroidogenic genes (CYP11A and STAR) and genes known to be involved in gonadal maturation 

(Erβ, FSHR, NGF1, and NGFR) in testes (n = 9 for each group) were affected by mid-hibernation 

warming. Erβ is a receptor for the reproductive hormone estrogen and occurs in multiple cell types 

within the testes where it regulates spermatogenesis and promotes testicular development22,23. 

FSHR, the receptor for follicle stimulating hormone, is expressed within the membranes of Sertoli 

cells, which regulate spermatogenesis24. Nerve growth factor (NGF1) and its receptor (NGFR) 

were measured because they have previously been identified to change during gonadal 

development in ground squirrels25,26. RNA was extracted from < 30 μg of testicular tissue using 

an RNAeasy mini kit (Qiagen Inc., Valencia, CA, USA). Samples were treated with RNAse-free 

DNAse (Qiagen) to avoid genomic DNA contamination and RNA concentration of extracts was 

measured with a Qubit 4.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) and a Qubit Broad Range 

Assay Kit (Invitrogen). RNA quality was measured using an Agilent 2100 bioanalyzer (Agilent 
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Technologies, Santa Clara, CA, USA); RNA integrity number (RIN) was ≥ 9.4 for all samples. We 

synthesized cDNA by reverse transcribing 1 μg of RNA in a 40 μl reaction with a High Capacity 

cDNA reverse transcription kit (Applied Biosystems, Carlsbad, CA, USA) according to 

manufacturer specifications. We used the geometric mean of three stably expressed reference 

genes (HPRT1, PPIA, and CYP A) for qPCR experiments. Species-specific primer sequences for 

reference and target genes were obtained from a prior study18. In all analyses, we used the Pfaffl 

(Δ∆Ct) method27 to normalize gene expression and corrected for differences in reaction efficiency.

Samples were assayed in triplicate using Power SYBR™ Green PCR Master Mix (Applied 

Biosystems) on an ABI-7900 HT system (Applied Biosystems). We used 3 μL of cDNA at a 1:15 

dilution in water in each 15 μL qRT-PCR reaction. The reaction was conducted with the following 

cycle parameters: 95 °C for 10 minutes, 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. 

A final dissociation curve (95 °C for 15 seconds, 60 °C for 15 seconds, and 95 °C for 15 seconds) 

was run to verify that a single product was amplified. No template and no-reverse transcription 

controls were run to ensure that the reaction was not contaminated with environmental or genomic 

DNA. All reaction efficiencies were between 100% and 110%, suggesting slight polymerase 

inhibition. Correlation coefficients of curves were 98% or higher.

All statistical analyses were conducted using R v.3.6.128 with alpha set to 0.05. To 

determine how cellular and physiological parameters from EM changed across time we used 

generalized linear mixed models (GLMMs) with individual ID set as a random effect, timepoint 

included as a fixed effect, and parameters as response variables. We used GLMMs with a Poisson 

distribution in the R package “lme4” to evaluate the number of neuron contacts with the ME basal 

lamina. We used the R package “ordinal” for models of thyrotroph and gonadotroph RER 

abundance data and linear mixed effect models with restricted maximum likelihood estimation 

were developed using the R package “LmerTest” for the remaining response variables. Model fit 

was determined using Q-Q plots and Lillifor's normality test. Response variables were 

transformed using the ordered quantile normalization procedure in the package “bestNormalize” 

in R. Post hoc pairwise comparisons were done using the R packages “LmerTest” and “emmeans” 

with a Kenward-Roger approximation for degrees of freedom. Gonadal mass was analyzed using 

a Kruskal-Wallace rank sum test, followed by post-hoc Dunn tests of all pairwise comparisons 

among timepoints. For RT-qPCR, we used the Kruskal-Wallace rank sum tests to compare the 

expression of genes of interest across timepoints and post-hoc Dunn Tests to identify significant 

pairwise comparisons.
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2.4 Results
Within thyrotroph cells, we found no effect of treatment on cross sectional area (F(1,6) = 0.20, p = 

0.68; Fig. 2.1A), RER abundance (X2(1,6) = 2.39, p = 0.12), and no significant relationship between 

granule density and RER abundance (F(1,6) = 0.03, p = 0.86). However, there was an increasing 

trend in thyrotroph granule density in the treatment group (F(1,6) = 6.39, p = 0.06; Fig. 2.1B); control 

animals had a mean of 1.7 ± 1.1 (SD) granules∕μm2 whereas squirrels from the treatment group 

had a mean of 2.8 ± 1.1 granules∕μm2. Additionally, we found no evidence for an effect of 

treatment on the ultrastructure of ME tanycytes; the abundance of ME tanycytes remained 

constant (F(1,6) = 0.21, p = 0.67), as did the granule density within neurons found within the ME in 

proximity to the basal lamina (F(1,6) = 1.37, p = 0.31). The number of neurons in direct contact with 

the basal lamina also did not change (X2(1,6) = 0.07, p = 0.80). Gonadotroph cross sectional area 

(Fig. 2.1C) and RER abundance also remained unaffected by treatment (area: F(1,6) = 3.56, p = 

0.13; RER abundance: X2(1,6) = 1.52, p = 0.22). However, there was a significant increase in 

gonadotroph granule density (F(1,6) = 47.00, p < 0.01) between the control group (mean: 4.7 ± 1.8 

granules∕μm2) and the treatment group (7.6 ± 1.7 granules∕μm2; Fig. 2.1D). Lastly, there was a 

significant negative relationship between gonadotroph granule density and RER abundance (F(1,6) 

= 9.64, p < 0.01).

We also found no evidence that testis mass changed with treatment (X2(1,18) = 1.03, p = 

0.31; Fig. 2.2). However, expression of CYP11A was slightly (1.4 ± 0.3-fold change), but 

significantly (X2(1,18) = 8.75, p < 0.01), higher in the treatment group. The expression of non- 

steroidogenic enzymes, Erβ and NGFR, was also significantly higher in the treatment group 

relative to the control group (X2(1,18) = 7.25, p < 0.01; X2(1,18) = 12.79, p < 0.001), with Erβ having 

a 1.6-fold increase and NGFR having a 2.4-fold increase. Gene expression of the steroidogenic 

enzyme, STAR, however, did not differ between groups (X2(1,18) = 0.56, p =0.45) and no significant 

changes were seen in the expression of FSHR or NGF1 (X2(1,18) = 0.86, p = 0.35; X2(1,18) = 1.03, p 

= 0.31).

2.5 Discussion
Our study shows that the forced termination of hibernation by temperature manipulation during 

mid-hibernation had only slight effects on neuroendocrine cells involved in activating the 

reproductive axis and did not trigger immediate gonadal development. Our results suggest the 

circannual clock was largely unaffected by ambient and/or hypothalamic temperature20. In PT 

thyrotrophs, which are hypothesized to be the location for the circannual clock29, we observed a 

trend towards higher granule density in treatment animals relative to the control group, but no 
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other morphological measurements were affected by treatment. There were also no detectable 

alterations in the ultrastructure of ME tanycytes or in the proximity of neurons to the ME basal 

lamina. Granule density increased in PD gonadotrophs of warmed animals, but the area of these 

cells and their RER abundance was unaffected. Given that transcription and translation are 

essentially halted during torpor bouts19, we suggest the accumulation of granules in thyrotrophs 

and gonadotrophs are a direct response to the forced return to euthermy. Given that these 

granules accumulated in these cells, it seems the secretion of granules from thyrotrophs and 

gonadotrophs may not have increased, which likely explains the lack of gonadal development. 

However, within the gonads we observed small (<2.5-fold) changes in the expression of some 

genes (CYP11A, Erβ, and NGFR) involved in reproductive development, suggesting that, given 

more time, the treatment may have eventually led to an advancement in reproductive timing.

It has been theorized that the onset of seasonal reproduction is what triggers the 

termination of hibernation in male ground squirrels. In support of this, the castration of male 

golden-mantled ground squirrels (Citellus lateralis) has been shown to prolong hibernation 

whereas testosterone injections shorten hibernation30,31. Further, we previously showed that 

reproductive onset slowly progresses across hibernation, indicating an overlap in these life-history 

events, and we predicted that IBAs allow for ultrastructural remodeling of glial and neuroendocrine 

cells necessary to activate the reproductive axis18. The present study indicates that warming alone 

cannot induce immediate activation of the reproductive axis.

Although the present study is the first, to our knowledge, to investigate the effects of warm 

temperatures (i.e., the prevention of hibernation) on the brain, prior studies have assessed how 

circannual rhythms in hibernators are affected by temperature manipulations, with varying results. 

Captive golden-mantled ground squirrels kept at 0 °C or 21 °C for ~2 yrs maintained roughly 12 

month annual cycles, but squirrels kept at the highest temperatures (the 70 °F group) terminated 

hibernation slightly earlier11. Further, captive male golden-mantled ground squirrels exposed to 

warm ambient temperatures (30 °C) five weeks before the natural termination of hibernation 

terminated hibernation and underwent gonadal maturation earlier, without affecting future annual 

cycles (i.e. autumn fattening or reproductive timing the following spring)21. Thus, at least in golden- 

mantled ground squirrels, high temperatures can trigger an earlier termination of hibernation 

without evidence for an effect on the circannual timing of other annually recurring life-cycle events.

Whether differences between our study and prior studies on golden-mantled ground 

squirrels reflects methodological differences or species-level differences in phenological plasticity 

remains unclear. In our study, we warmed the treatment group earlier in hibernation (~2 months 
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before the natural termination of hibernation) and found that most PT, ME, and PD ultrastructural 

characteristics and signs of gonadal development remained unaffected by the increased ambient 

temperature, which suggests that the mechanism(s) controlling these processes may be 

temperature compensated in arctic ground squirrels. We did however observe a significant 

increase in PD gonadotroph secretory granule density, an increase in CYP11A, Erβ, and NGFR 

expression, and an increasing trend in PT thyrotroph secretory granule density, indicating that 

neuroendocrine pathway that activates the reproductive axis exhibits some plasticity. If 

temperature does have some modulating effects on this pathway, the level of modulation may be 

dependent on the circannual phase, regardless of whether these pathway components are 

controlled by the circannual clock or not. To further understand if AGS are more responsive to 

ambient/hypothalamic warming than is evident in the current study, future physiological studies 

could 1) maintain AGS at high temperatures for a longer duration and/or 2) expose AGS to high 

temperatures at various timepoints throughout hibernation.
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2.7 Figures

Fig. 2.1: Depiction of our study design and measures for pars tuberalis thyrotrophs and pars distalis 
gonadotrophs. The control group (A; n = 3) and the treatment group (B; n = 3) AGS were sampled while 
euthermic at mid-hibernation. Control animals were aroused by gently massaged ~12h before sampling, 
whereas animals from the treatment group were placed in a 30 °C room for 2 weeks prior to being sampled. 
Black lines depict body temperature. LD (long day) and SD (short day) depicts the day length transition and 
Dark represents a 24 hr dark photoperiod. Body temperature traces used to create the plots are from free- 
living ground squirrels32. Using electron microscopy (EM) images, we measured the cross-sectional area 
and density of secretory granules for thyrotrophs (C and D) and gonadotrophs (E and F). In each panel, an 
additional boxplot shows measures taken from animals that were collected 15 days post-hibernation 
(Post18). These post-hibernation animals are presented for illustrative purposes only. Significant differences 
between control and treatment animals are depicted by a horizontal bar and p-value (p < 0.05). In all 
boxplots, colored data points represent individuals that were sampled and error bars represent the 25th and 
75th quartiles.
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Fig. 2.2: Testis mass was used as a measure for gonadal development (control: n = 9; treatment: n = 9). 
An additional boxplot shows results for animals 15 days post-hibernation (Post; from the preceding study18). 
Lowercase letters indicate significant differences between control and treatment animals only (p<0.05). 
Black data points represent each individual sampled and error bars represent the 25th and 75th quartiles.
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General Conclusion
We examined whether seasonal ultrastructural changes in pars tuberalis (PT) thyrotrophs, median 

eminence (ME) tanycytes, and pars distalis (PD) gonadotrophs of arctic ground squirrels 

(Urocitellus parryii; hereafter AGS) occurred during hibernation under continuously dark 

conditions. We found that during hibernation, there are fewer neuronal contacts with the ME basal 

lamina, PD gonadotrophs enlarge, and gonadotroph granule density decreases. Additionally, 

males showed an increase in seminiferous tubule and lumen diameter whereas females showed 

an increase in ovarian mass, number of antral follicles, and ovarian CYP11A expression.

During hibernation, AGS experience bouts of deep torpor where body temperature 

decreases to as low as -2.9 °C and metabolism is severely suppressed to 2% of basal levels1. 

Many cellular processes, including transcription and translation, are globally arrested as part of 

this metabolic suppression2,3. These torpor bouts are periodically interrupted by interbout arousals 

(IBAs) during which animals rewarm to euthermic body temperature and metabolism and cellular 

processes return to “typical” levels. The function(s) of IBAs have long been debated but it is 

hypothesized that IBAs help maintain homeostatic processes, such as allowing for metabolic 

waste removal, sleep, or immune responses. Our results, however, indicate that hibernation is 

more physiologically dynamic than originally thought as we found significant evidence for cellular 

remodeling of glial and neuroendocrine cells in the hypothalamus and pituitary, along with gonadal 

maturation. We suggest this cellular remodeling likely occurs during IBAs when animals 

periodically return to euthermy. Our results also further support the hypothesis that activation of 

the reproductive axis may aid in the termination of hibernation. Although this hypothesis was 

originally put forward solely for males, we found significant support for cellular remodeling and 

gonadal maturation for females as well. This finding is further supported by field studies that have 

shown that reproductively competent females terminate hibernation before non-reproductive 

animals4.

To further investigate the idea that IBAs are being utilized as a preparatory mechanism to 

speed reproductive onset following hibernation, we exposed male AGS to high ambient 

temperatures during mid-hibernation to determine whether warming alone is sufficient to trigger 

neuroendocrine and glial cell remodeling associated with reproductive development. It had 

previously been shown that warm ambient temperatures during mid-hibernation can cause the 

premature termination of hibernation and initiation of gonadal development in golden-mantled 

ground squirrels (Citellus lateralis)5. We found that PT thyrotrophs had a trending increase in 

granule density, PD gonadotroph granule density was significantly higher, and the expression of 

CYP11A, Erβ, and NGFR increased in the treatment group. In contrast, ultrastructural changes 
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were limited, although there are several possible explanations for this outcome: 1) temperature 

alone may not be sufficient to initiate full reproductive maturity, 2) the duration of the warming 

applied may have been insufficient, 3) the magnitude of the effect of the temperature modulation 

may be dependent on the phase of the circannual clock, or 4) there may be species-level 

differences in phenological plasticity.

This basic system-level investigation of reproductive control mechanisms should inform 

researchers regarding the importance of cell ultrastructure in altering connections between 

neuroendocrine circuits and the role these play in triggering reproductive onset. These findings 

could also help further explain field-studies that have shown sex differences in hibernation 

phenology. During the study we observed surprising sex differences in tanycytic processes at the 

basal lamina so one future research direction could be to corroborate whether seasonal changes 

in neuron contacts with the basal lamina differ between sexes and to identify the affected neurons. 

Another research direction, although tedious, could be to examine dynamic cellular ultrastructure 

of the pituitary and hypothalamic cells between torpor bouts and IBAs to further investigate our 

prediction that reproductive progression is occurring during IBAs specifically. This can potentially 

be executed by implanting temperature loggers into the abdominal of AGS and then performing 

tissue collections as the AGS enters a new torpor bout, while they are at their minimum body 

temperature, when they begin to terminate a torpor bout, and during an interbout arousal. 

Additionally, to further investigate the effects of temperature on reproductive onset, future studies 

could expose AGS to a longer duration of warm ambient temperatures during hibernation and/or 

expose AGS to warm temperatures at various points throughout hibernation.
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Appendix A: IACUC approval

(907) 474-7800 
(907) 474-5993 fax 

uaf-iacuc@alaska.edu 

www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270

April 7, 2021

To: Brian Barnes, PhD
Principal Investigator

From: University of Alaska Fairbanks IACUC

Re: [864841-32] Neuroendocrine modulation of circannual rhythms in mammals

The IACUC reviewed and approved the Amendment/Modification to the Personnel List referenced 
above by Administrative Review.

Received:

Approval Date:

Initial Approval Date:
Expiration Date:

April 2, 2021

April 7, 2021

March 3, 2016
March 3, 2022

This action is included on the May 13, 2021 IACUC Agenda.

PI responsibilities:

• Acquire and maintain all necessary permits and permissions prior to beginning work on this 
protocol. Failure to obtain or maintain valid permits is considered a violation of an IACUC protocol 
and could result in revocation of IACUC approval.

• Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see 
form 006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)

• Inform research personnel that only activities described in the approved IACUC protocol can 
be performed. Ensure personnel have been appropriately trained to perform their duties.

• Be aware of status of other packages in IRBNet; this approval only applies to this package and 
the documents it contains; it does not imply approval for other revisions or renewals you may 
have submitted to the IACUC previously.

• Ensure animal research personnel are aware of the reporting procedures on the following page.
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(The following information is also available in a printable format in the IRBNet Forms and Templates)

HOW DO I REPORT CONCERNS ABOUT ANIMALS IN A UAF RESEARCH FACILITY?

• All "live" animal concerns related to care and use should be reported to the IACUC
• Email: uaf-iacuc@alaska.edu Phone: 474-7800
• Report form: www.uaf.edu/iacuc/report-concerns/
• IACUC Committee Members: www.uaf.edu/iacuc/iacuc-info/
• Additional information: www.uaf.edu/ori/responsible-conduct/research-misconduct/ 

and www.uaf.edu/ori/responsible-conduct/conflict-of-interest/

WHAT SHOULD I DO IF AN ACCIDENT OR INCIDENT OCCURS IN AN UAF ANIMAL FACILITY?

• For all immediate human emergencies call 911 or UAF Dispatch at 474-7721 for less 
immediate emergencies.

• If you have suffered an animal bite or other injury, complete an "Accident/Incident 
Investigation form" (personal injury) form available at https://uaf.edu/safety/occupational- 
safety/accident- reporting.php.

• If an accident such as a chemical spill occurs, contact the Environmental Health, Safety, and 
Risk Management (EHS&RM) Supervisor at 474-5617 or the Hazmat Coordinator at 474-7889.

WHO DO I CONTACT IF I FIND A DEAD, INJURED, OR DISTRESSED ANIMAL IN A UAF RESEARCH 
FACILITY?

• During regular business hours, immediately contact facility staff and/or Veterinary Services Staff 
at 474-7020.

• After hours or on weekends, immediately contact facility staff and/or Veterinary Services Staff 
using the contact numbers posted on the "Emergency Contact Information" in the facility or call 
UAF Dispatch at 474-7721.

• Contact the IACUC at 474-7800 or uaf-iacuc@alaska.edu if an "Emergency Contact 
Information" sign is NOT posted in the facility.

• Contact the IACUC if you are not satisfied with the response from Vet Services.

HOW DO I REPORT ANY CONCERNS REGARDING WORK HAZARDS OR ANY GENERAL UNSAFE 
CONDITIONS?

• Complete an "Unsafe Condition Reporting Program" form, available at the EHS&RM 
website: www.uaf.edu/safety/unsafe-condition/

WHERE CAN I OBTAIN GENERAL OCCUPATIONAL SAFETY INFORMATION?

• https://www.uaf.edu/iacuc/uaf-policies-procedures/occupational-health-safety/

America's Arctic University
UAF is an AA/EO employer and educational institution and prohibits illegal discrimination against any individual:

www.alaska.edu/titleIXcompliance/nondiscrimination.
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Appendix B: Example micrograph images

Figure A1: Example images of electron microscopy micrographs. A & C) Pars tuberalis thyrotroph cell and 
pars distalis gonadotroph cell, respectively. Red lines are tracing the cellular membrane and the nuclear 
membrane; N = nucleus; yellow dots are counting the secretory granules. B) Medium eminence tanycyte 
cells. Yellow framed box is the area measurements were taken from; pink shading are neurons; green 
shading are tanycytes; and blue dots are counting secretory granules.
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