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Abstract

Hibernation is a state of extreme metabolic plasticity and fasting. How hibernators maintain nitrogen 

homeostasis and regulate amino acid metabolism and how those metabolites influence hibernation 

physiology remains unknown. We first utilized three approaches to understand nitrogen homeostasis 

and amino acid metabolism in hibernation: longitudinal metabolic profiling within individual animals 

over undisturbed torpor, in vivo amino acid isotope tracing in deep torpor, and 15N isotope tracing in 

vivo during arousal from hibernation in Arctic Ground Squirrels (AGS). We observed that in vivo whole 

body production (WBP) of metabolites in deep torpor are profoundly and selectively suppressed in deep 

torpor. Metabolic profiling over undisturbed torpor bouts shows amino acids with nitrogenous side 

chains accumulate over torpor while urea cycle intermediates remain unchanged. During arousal from 

hibernation, 15N isotope tracing demonstrates recycling of free nitrogen into non-essential amino acids, 

essential amino acids and the gamma-glutamyl system. We next utilized two approaches to understand 

potential metabolite influences on thermogenesis and behavior in hibernation: we infused ammonium 

acetate in deep torpor and fed diets high in omega 3 fatty acids and monitored body temperature and 

torpor bout length. We found high doses of a nitrogen donor, ammonium acetate, as well as diets high 

in omega 3 fatty acids both influence thermogenesis in hibernation. In conclusion, production of 

metabolites in deep torpor indicate highly regulated metabolism with accumulation of nitrogen carrying 

amino acids. We additionally show metabolites and nitrogen can exert thermogenic influence on 

hibernating AGS.
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General Introduction

Hibernation background

Observations of fasting, fat accumulation and ‘torpor' in the natural world have intruged humans since 

antiquity.1 Hibernation is a not only a survival strategy to conserve energy over periods of 

food scarcity, but is also now appreciated as a function for animals to cope with extreme environmental 

conditions.2-4 An array of species hibernate in various capacities, from the obligate hibernators who 

seasonally fall into torpor irregardless to the facultative hibernators entrained to external cues or daily 

torpid species.5 Hibernators span the globe, from the tropics to the arctic, as a wider spectrum of 

hibernation and oppotunistic deloyment in a variety of situations is now appreciated.4,5 The Arctic 

Ground Squirrel (AGS) is an extreme obligate hibernator, fasting for up to eight months and able to 

acheive core body temperatures dipping below 0oC.6,7

Hibernation metabolism and biochemistry

Hibernation is fundamentally connected to metabolism, specifically the profound reduction in 

metabolism.5 The hibernation season, however, is metabolically and physiologically plastic. Animals 

oscillate between periods of extreme metabolic suppression and low body temperatures (torpor) 

punctuated by periods of brief interbout arousal (IBA) when metabolism rapidly increases and body 

temperatures return to euthermia.2,6 AGS torpor is defined by a drop of 98% from basal metabolic rate 

with heart rate falling to approximately five beats per minute and respirations approximately to one 

breath per minute.6,8 AGS use the majority of their energetic resources to fuel IBA from torpor.9 IBA are 

known for many benefits to animal physiology, from engaging the immune system to gluconeogenesis, 

protein synthesis, sleep, hepatic mitochondrial respiration, and rebalancing metabolic profiles.10-16 While 

the endogenous signal which induces arousal remains elusive, there is strong evidence that IBA is tied to 

metabolism in some capacity. Previous studies indicate torpor bout length is directly proportional to 
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whole body energy metabolism, with many studies showing ambient temperature and the fatty acid 

content of diets directly alter torpor bout length.8,17-20

Whole body metabolism is the product of physiological, tissue and cellular metabolism. The 

mechanisms of metabolism are biochemical in nature and the unique biochemistry of hibernation has 

been noted for almost a century.12,21-24 Further, many studies have documented the reversible inhibition 

on major metabolic enzymes and mitochondria during torpor.10,11,25-28

Metabolism is depressed in torpor, but it is not a static state. Over 50 years ago researchers

outlined significant biochemical fluctuations between torpor and arousal phases of hibernation, finding 

glucose levels depressed in torpor and fats as the major fuel resouce of hibernation.12 Recent high 

throughput metabolomic approaches have broadened this perspective to establish vast numbers of 

metabolites radically accumulate or deplete between the torpor/arousal cycles in tissues and 

plasma.15,16,29,30 These large scale metabolomic profiles are biochemical maps signifying underlying 

cellular processes actively occuring in torpor. These snapshots into hibernating metabolism give 

perspective into what biochemical pathways may be most important for maintaining physiology over 

the long periods of fasting and environmental stressors.

Nitrogen metabolism in hibernation

The nature and role of nitrogen metabolism and recycling in hibernation has long been discussed.31-35

Previous studies indicate nitrogen recycling in large hibernators such as the bear.33,36,37

Some studies have suggested the bear recycling of urea may occur through microbial ureolysis or urea-N 

resorption.37 The same hypothesis has been applied to smaller hibernators like the ground squirrels and 

studies indicate AGS engage in protein synthesis during hibernation.34,35 Metabolomic studies, however, 

indicate an increase in brain, hepatic and plasma glutamine, the most abundant nitrogen carrying amino 

acid, signifying transminase reactions are actively occuring in torpor.15,29,38
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Nitrogen balanced and metabolism is of unique interest because hibernators fast for long durations, yet 

are able to maintain physiological function as well as skeletal muscle mass and function.39- 43 Skeletal 

muscle depends on, and is essential to, amino acid homeostasis, nitrogen metabolism and 

protein balance in the whole body. Nitrogen recycling is a critical biochemical mechanism of maintaining 

protein stores throughout the body. The metabolic pathways which facilitate nitrogen recycling and 

reabsorption in deep torpor remain unknown.

Physiological roles of metabolites

While metabolites can act as biomarkers of distinct physiological phases of hibernation, their 

kinetics in vivo are unknown and potential influence on hibernating physiology is debated. Often 

metabolites are considered only for their basic roles as a fuel resource for energy production or building 

blocks of proteins or membranes, but many metabolites can alter gene expression, protein function, 

cellular signaling, metabolic pathways and are the parent compounds of many neurotransmitters, 

hormones, and signaling cascades.44-46 Metabolite accumulation or depletion has long been theroized to 

exert some kind physiological influence on hibernation itself, be it protective in nature or acting as 

endogenous signal to arouse from torpor. Experimental alterations of dietary fatty acids compositions, 

infusing pharmacological agents, injecting urea and blocking major metabolic processes all can 

manipulate the way animals hibernate.18,31,47-50 Further, the unique metabolic phenotypes of hibernation 

may be directly related to their resilence to injury.51

Fatty acids in hibernation

AGS are fat storing species, predominately surviving off their fat metabolic reserves throug the winter.52 

Fatty acids content has long been known to be able to modulate torpor bout depth and duration.20,53-55 

Omega 6 polyunsaturated fatty acids (PUFAS) such as linoleic acid fed in specific concentrations seem to 

be able to allow animals to achieve lower core body temperatures.55 While researchers have proposed 
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the ratio of omega 6 to omega 3 PUFAs in plasma membranes can help regulate the core body 

temperature, the mechanism by which fatty acids can influence core body temperature in hibernation is 

unknown. Omega 3 PUFAs, on the other hand, are not nearly as widely studied in hibernation with 

contradictory results.48,56,57 Recent studies have shown omega 3 PUFAs can modulate metabolism and 

brown adipose tissue in non-hibernating species,58-60

Thesis overview

The main focus of this thesis is to measure metabolite kinetics and levels in the hibernating

Arctic Ground Squirrel (AGS) in novel and high-resolution fashions and investigate the influence of 

nitrogen and fatty acids on hibernating physiology and thermogenesis. In chapter 1, we measure in vivo 

metabolite production in a deep torpor, revealing amino acid kinetics are profoundly suppressed while 

myofibrillar breakdown is occurring at rates higher than expected. We further show that as nitrogenous 

amino acids accumulate over torpor, 15N pulse isotope tracing confirms nitrogen is recycled into non

essential and essential amino acids during IBA in the liver, kidney, lung, skeletal muscle and small 

intestine. Chapter 2 next investigated if nitrogen accumulation could lead to arousal from torpor. We 

show that while high nitrogen load can induce arousal from torpor, this arousal is significantly slower 

than natural arousal with reduced brown adipose tissue thermogenic output and an inherently different 

metabolic phenotype, specifically lacking in available free fatty acids. Chapter 3 therefore investigated 

the role of free fatty acids on thermogenesis in hibernation. We show dietary omega 3 fatty acids can 

increase core body temperature during torpor, increase brown adipose tissue mass and may play a role 

in thermogenesis in early arousal. In conclusion, these data show highly specified control of metabolic 

pathways in deep torpor and the ability of individual metabolites to influence core body temperature in 

hibernation.
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Chapter 1: Nitrogen recycling buffers against ammonia toxicity from skeletal muscle breakdown in 

hibernation1

1In press as Rice, SA; Ten Have, GAM; Reisz, JA; Gehrke, S; Stefanoni, D; Frare, C; Barati, Z; Coker, RH; 
D'Alessandro, A; Deutz, NEP; Drew, KL* “Nitrogen recycling buffers against ammonia toxicity from 
skeletal muscle breakdown in hibernation” (In Press) Nature Metabolism

1.1 Abstract:

Hibernation is a state of extraordinary metabolic plasticity. The pathways of amino acid metabolism as 

they relate to nitrogen homeostasis in hibernating mammals in vivo is unknown. Here we show, using 

pulse isotopic tracing, evidence of increased myofibrillar (skeletal muscle) protein breakdown and 

suppressed whole body production (WBP) of metabolites in vivo throughout deep torpor. As WBP of 

metabolites is suppressed, amino acids with nitrogenous side chains accumulate over torpor while 

production of urea cycle intermediates do not. Using 15N stable isotope methodology, we provide 

evidence that free nitrogen is buffered and recycled into essential amino acids (EAA), non-essential 

amino acids (NEAA), and the gamma-glutamyl system during the interbout arousal period of 

hibernation. In the absence of nutrient intake or physical activity, our data illustrate the orchestration 

of metabolic pathways that sustain the provision of essential and non-essential amino acids and prevent 

ammonia toxicity during hibernation.
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1.2 Introduction:

Hibernation is a state of extreme metabolic and physiologic plasticity that occurs in conjunction with 

physical inactivity and prolonged fasting.1 Specifically, hibernating Arctic Ground Squirrels (AGS) fast for 

up to eight months without any exogenous nitrogen intake, yet they are able to maintain physiological 

function and skeletal muscle.2-4 Urea nitrogen salvage with nitrogen recycling into amino acids has been 

hypothesized for decades as a major mechanism to support anabolic processes while preserving protein 

content in hibernation.5-8 Less focus has been devoted to free nitrogen. The nature of protein 

degradation, and how hibernating ground squirrels maintain nitrogen homeostasis and utilize free 

nitrogen to preserve amino acid stores, has remained unknown due to technical limitations of 

measuring in vivo fluxes in deep torpor.

Hibernation in AGS is composed of torpor bouts (approximately fourteen to twenty days long) where the 

whole body metabolic rate is reduced to 1-2 percent of basal metabolic rate and core body temperature 

(Tb) can dip below 0oC.3,9 Torpor bouts are interrupted by naturally occurring interbout arousals, with a 

duration of 12-24 hours.10 As torpor progresses, amino acids with nitrogenous side chains accumulate in 

tissues of ground squirrels, signifying increased nitrogen load.11,12 Multiple tissues, ranging from skeletal 

muscle, kidney, liver, small intestine, lung and brain, contribute to systemic nitrogen homeostasis, 

ammonia detoxification and sequestration of nitrogen into amino acids.13-15 There is evidence anabolism 

occurs in liver and small intestine during hibernation, which is dependent on recycling of nitrogen into 

protein.7 Several other studies indicate a capacity of hibernators to recycle nitrogen, but most have 

focused on microbial urea nitrogen salvage.6-8 Nitrogen recycling into non-essential and essential amino 

acids in hibernating bears (n=2) was measured in a preliminary study using a 15N2 urea tracer.16 This 

tracer formed 15N ammonia in plasma, indicating that metabolic pathways facilitating recycling could use 

either urea or free ammonia.16 Previous studies have demonstrated that the levels of circulating 
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ammonia remain constant throughout torpor but it is unknown how ammonia is utilized in nitrogen 

salvage.12,17

While hypothesized to derive from breakdown of labile tissues,18 the source of circulating free amino 

acids and free nitrogen in hibernation is unknown. No study to our knowledge has measured in vivo 

production rates of protein degradation markers or amino acids in deep torpor. Further, the metabolic 

pathways and tissues that facilitate nitrogen buffering and recycling of amino acids are unknown.

We tested the hypothesis that breakdown of skeletal muscle during torpor contributes to free nitrogen 

load and that this load is buffered through transamination reactions involving multiple tissues. Our 

approach included a pulse infusion of a tracer cocktail containing amino acids and metabolites in deep 

torpor and summer (Fig. 1).19 In addition we performed metabolomic analysis on blood sampled from 

indwelling arterial cannula throughout entrance, torpor and arousal and we traced the fate of 15N 

following infusion of 15N ammonium acetate during arousal from torpor in AGS.

1.3 Results:

1.3.1 Skeletal muscle breakdown continues albeit at a slow rate in deep torpor

Tau-methylhistidine (3-MH) is a skeletal muscle degradation marker and trans-4-hydroxy-L-proline 

(hPRO) is a collagen degradation marker.20,21 We found decreases in both 3-MH and hPRO whole body 

production (WBP) in torpor compared to summer euthermia (Fig. 2a, table insert, p<0.001, t-tests), but 

the relative reduction of 3-MH was significantly less than hPRO (Fig. 2a, p<0.001, t-test). Specifically, 

hPRO WBP is reduced to 1% of euthermic rates, which reflects the overall 98% reduction in whole body 

metabolism during AGS torpor,9 while 3-MH is reduced to only 22% of euthermic levels. In normal 

physiology, collagen turnover is far higher than skeletal muscle turnover,21,22 as is seen in our euthermic 

summer animals where hPRO WBP is 8.27 (nmol/g body weight/hr) compared to 3-MH WBP of 1.83 
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(nmol/g body weight/hr). Conversely, in deep torpor 3-MH WBP (0.41 nmol/g body weight/hr) is 

approximately three times higher than hPRO WBP (0.13 nmol/g body weight/hr).

The reduced suppression of 3-MH WBP compared to hPRO WBP indicates that myofibrillar (skeletal 

muscle) breakdown occurs throughout torpor, albeit at a low rate.

1.3.2 Skeletal muscle breakdown may be a source of amino acids in torpor

WBP of all amino acids indicate profound suppression of metabolic processes in deep torpor compared 

to summer (Fig. 2b, p<0.05, paired t-tests, FDR corrected), however, the degree of suppression varied 

between amino acids (Fig. 2c).

Since our findings show that skeletal muscle degradation is ongoing during torpor, we next asked if 

amino acid production correlated with skeletal muscle breakdown. Regression analysis showed 

significant linear relationships between WBP rates of 3-MH in deep torpor and WBP of glutamine, 

phenylalanine and citrulline (Table 2d). The linear relationship between rates of WBP of 3-MH and WBP 

of phenylalanine and glutamine in torpor argue that these amino acids originate from skeletal muscle 

during torpor. Further, given that glutamine is a precursor to citrulline synthesis in the gut the 

correlation between citrulline and 3-MH WBP suggests that small intestine metabolism may be linked to 

glutamine release from skeletal muscle during deep torpor.

1.3.3 Nitrogen carriers accumulate over deep torpor with a lack of kidney metabolic recycling

Previous metabolic profiling in other hibernating species shows that plasma levels of certain amino acids 

deplete or accumulate as torpor progresses.11,23-25

We observed an increase in plasma glutamine, alanine and glutamate as torpor progressed over 

approximately two weeks (Fig. 3, n=9, glutamate p<0.034, glutamine p<0.001, alanine p<0.001, repeated 

measures ANOVA). The accumulation of glutamine in liver and brain over torpor in other species 
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support our finding of increased nitrogen load as torpor progresses.11,12 While some previous plasma 

metabolomic studies do not mention a significant increase in glutamine or glutamate between entrance 

and late torpor, it is important to note that we evaluated these changes with high resolution, 

longitudinal sampling within animals.23,25

We also observed that urea cycle intermediates (arginine, ornithine, citrulline) do not increase over 

torpor (Fig. 3, n=9), consistent with prior evidence that the urea cycle is suppressed during torpor.12,17,26 

Ammonia, present in plasma throughout torpor, is naturally released during amino acid catabolism 

following protein degradation.12,17,27 Ammonia is typically incorporated into urea in the liver, but 

another major pathway for sequestering free nitrogen is via glutamine synthetase (GS) to form 

glutamine as the major nitrogen carrying amino acid, which occurs in multiple tissue types and skeletal 

muscle.13-15,27,28 Thus, our results support a model whereby free nitrogen released during protein 

breakdown and catabolism accumulates in glutamine, glutamate, and alanine (products of 

transamination).

Multiple waste byproducts of amino acid and purine catabolism, such as creatine, creatinine, and hPRO 

or hypoxanthine, allantoin and xanthine also increased, respectively (Fig. 3, n=9, p<0.05 for each of 

these metabolites, repeated measures ANOVA). We interpret the accumulation of metabolites, such as 

creatinine, as evidence of amino acid catabolism throughout torpor as well as reduction in the kidney 

glomerular filtration rate (GFR), also supported by prior studies (Fig. 3).26,29 Accumulation of collagen 

breakdown products such as hPRO illustrates that production outpaces reabsorption or recycling during 

torpor. In total, these results suggest low-grade catabolism paired with reduced kidney function and 

accumulating nitrogen load with flux into non-essential amino acids instead of urea cycle intermediates. 

Alternatively, urea cycle intermediates may not accumulate due to loss via microbial urease enzyme 

activity.8 We next asked if AGS lessen the nitrogen load through metabolic recycling and anabolic 

metabolism once these processes resume during the interbout arousal period.
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1.3.4 Nitrogen fluxes into metabolites during arousal from torpor

Nitrogen fluxes into essential amino acids, non-essential amino acids and the gamma-glutamyl 

intermediate 5-oxoproline during arousal from torpor. To understand how free nitrogen liberated from 

protein breakdown is incorporated into amino acids and metabolic pathways we next measured 

enrichment of 15N derived from 15N ammonium acetate infused during interbout arousal. We traced 

nitrogen incorporated into multiple metabolites in plasma and tissues (Fig. 4). Overall 15N ammonia 

incorporated into non-essential amino acids (NEAA) (glutamine, alanine, glutamate, arginine, 

asparagine, proline, serine, citrulline and ornithine) as well as essential amino acids (EAA) (leucine

isoleucine, valine, threonine, histidine) and the gamma-glutamyl intermediate 5-oxoproline (Fig. 4). All 

tissues incorporated free 15N into metabolic pathways (Fig. 4). 15N incorporation from ammonium 

acetate into EAA and NEAA supports de novo synthesis.

Notably, we found significant incorporation of 15N into glutamate in plasma (44.6±4.66% of total Glu), 

liver (13.5±3.7%), kidney (7.9±1.8%), skeletal muscle (0.7 ±0.2%), small intestine (1.4±0.3%) and lung 

(2.3±0.6%) (reported here as mean±SEM and denoted as M+1, Fig. 5). The majority of our proposed 

pathways for ammonia 15N incorporation during arousal from torpor stem first from synthesis of 15N 

glutamate indicating a central role of this metabolite in hibernation nitrogen homeostasis. Previous in 

vitro studies suggest the reversibly phosphorylated glutamate dehydrogenase (GDH), which can 

incorporate free nitrogen into glutamate, catalyzes primarily the reverse reaction, glutamate oxidation, 

during hibernation.30,31 GDH, however, has complex, strong allosteric regulators32 and our data shows a 

clear ability of 15N to be incorporated into glutamate, indicating in vivo activity of this enzyme to 

generate glutamate in AGS hibernation. 15N Enrichment of urea cycle intermediate ornithine was 

observed in the small intestine, but the percent of 15N incorporation is less than other metabolites in this 

tissue (Fig. 5).
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15N Incorporation into glutamate and arginosuccinate suggest that glutamate is a major contributor to 

15N-argininosuccinate and 15N-arginine synthesis through 15N-aspartate. 15N-Aspartate was observed in 

liver (12.3±3.2%), plasma (29.3±6.3%), kidney (7.5±1.2%) and lung (2.1±0.6%) (Fig. 5). 15N- 

Argininosuccinate was observed in liver (4.9±1.4%) and 15N-arginine was observed in plasma (0.4±0.1%) 

and kidney (0.2±0.1%) (Fig. 5). Many of these synthesized NEAAs are direct protein precursors and exert 

protein anabolic effects, which represent metabolic pools available to stimulate protein synthesis during 

arousal to counteract skeletal muscle breakdown during torpor.27,33 Recent metabolic modeling 

predicted increased NEAA synthesis in grizzly bears.34 These findings also support previous work 

suggesting that amino acid anabolism is upregulated4 and nitrogen is redeposited in liver and small 

intestine during AGS hibernation.7

15N Incorporated into leucine-isoleucine, threonine, and histidine suggests that 15N-glutamate 

contributes to the synthesis of branched chain amino acids (BCAA) and essential amino acids (EAA). De 

novo EAA synthesis in hibernation has been proposed in the hibernating bear,16 a notion that has been 

challenged by subsequent studies suggesting that de novo EAA synthesis might not be required due to 

readily available EAA resources in labile proteins that can be catabolized over the season.35,36 

Incorporation of 15N into leucine-isoleucine in kidney was 4.6±1.0% (Fig. 5). 15N-Glutamate is abundant in 

kidneys and glutamate donates nitrogen to branched-chain amino acid aminotransferases (BCAT), which 

catalyze nitrogen incorporation/removal between BCAAs and their α-keto acid analogues which are 

typically rich in kidney.37 A previous study in dogs revealed renal ability to reincorporate nitrogen into 

leucine's keto-acid, supporting this capability in mammals.38 Exceptionally reduced renal glomerular 

filtration rate (GFR) in torpor is reversed with the return of kidney function during interbout 

arousal.26,29,39 Further, proteomic analysis of ground squirrel kidneys show that BCAA catabolism 

proteins decrease in hibernation40 and isotopic leucine tracer studies in black bears indicate very low 

levels of oxidized leucine in hibernation.41 Taken together with these studies, our data indicates that 
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renal hibernation BCAA metabolism is shifted toward anabolism rather than catabolism. Further, 15N 

incorporation into leucine correlated significantly, or near significantly, with Tb in kidney, lung, plasma 

and skeletal muscle illustrating the temperature dependence of this process (Supp. Fig. 2). 

Incorporation of 15N glutamine also varied with temperature in some tissues (Supp. Fig. 4-5). 15N 

Incorporation into glutamate only correlated with Tb in muscle (Supp. Fig. 3). 15N Incorporation into 

valine (Supp. Fig. 6) did not correlate with temperature in any tissue studied. This evidence suggests that 

rising Tb facilitates nitrogen incorporation into some BCAA in multiple tissues.

15N-Glutamate and 15N-aspartate are also precursors to 15N-threonine. 15N Incorporation into threonine 

was observed in plasma (1.7±0.5%), liver (1.6±0.2%), kidney (0.5±0.2%), small intestine (1.6±0.2%) and 

lung (1.0±0.2%) (Fig. 5). We observed the highest levels of 15N incorporation into glutamate and 

aspartate, precursors to threonine, in the plasma and liver (Fig. 5). We also saw that the highest levels of 

15N incorporation into threonine occur in the small intestine, plasma and liver (Fig. 5). The small 

intestine serving as the site for threonine synthesis via 15N-aspartate is supported by previous studies 

indicating that threonine synthesis in mammals relies on gut microbiota.42 Sections of the small intestine 

deliver amino acids to the hepatic portal vein, but our experiments cannot determine specific exchanges 

in the gut-liver axis. Important to note is that many microbial processes are still dependent on NEAA 

substrate availability, suggesting that metabolic activity of multiple tissues could play supporting roles in 

free nitrogen recycling for these metabolic pathways in hibernation.42

Glutamate and glutamine, along with ATP, are also known nitrogen donors during histidine synthesis.43 

15N Incorporation into histidine was observed in plasma (1.4±0.3%), liver (0.2±0.6%) and lung (2.1±0.7%) 

(Fig. 5). We propose 15N glutamine or 15N glutamate are likely sources of 15N histidine via microbial 

synthesis; we did not observe 15N incorporation into ATP. Given ATP's labile nature, however, lack of 

detection cannot rule out potential incorporation of 15N into ATP and lack of detection may be 

attributable to technical limitations. Interestingly, 15N histidine mainly appears in lung and plasma and 
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not small intestine (Fig. 5). Most microbial EAA studies focus on the ileum.42,44 One explanation for our 

lack of 15N histidine labeling could be because we did not distinguish between the jejunum and the 

ileum raising the possibility that our tissue sampling protocol missed a site of small intestine histidine 

synthesis. The unexpected lung 15N incorporation into histidine parallels the overall broad 15N 

incorporation into multiple metabolites in lung (Fig. 4). This either suggests lung is an important tissue 

for nitrogen homeostasis in hibernation or that amino acids carrying recycled nitrogen are important for 

protein synthesis in lung tissue. While known to play a role in amino acid metabolism, lung metabolism 

in hibernation is a sparsely investigated field to the best of our knowledge. The high amount of 15N 

incorporation into histidine and other amino acids in lung suggest that further exploration is worthwhile.

15N Incorporated into glutamine and glutamate also showed evidence of transfer into 5-oxoproline 

through the gamma-glutamyl cycle. We observed incorporation of 15N into glutamine in plasma 

(14.1±3.5%), liver (15.1±3.9%), kidney (10.9±4.0%), skeletal muscle (1.9±0.4%), small intestine 

(3.0±1.6%), and lung (8.4±2.9%) (Fig. 5) and incorporation of 15N into 5-oxoproline in plasma (6.4 ±1.4%), 

liver (9.0±2.2%), kidney (5.3±1.5%), skeletal muscle (0.4±0.1%), small intestine (1.3±0.4%) and lung 

(2.7±0.7%) (Fig. 5). Our data is supported by previous findings of significantly increased gamma- 

glutamylated amino acids during arousal from torpor, showing an active γ-GT (gamma

glutamyltransferase) system, and strong upregulation of antioxidant systems in hibernation.23,45

In support of this pathway, data additionally shows that the absolute concentrations of naturally 

occurring 14N-5-oxoproline significantly correlate with 14N-glutamine and 14N-glutamate levels (Supp. 

Tables 2a and 2b). We were surprised by the high abundance of naturally occurring 14N 5-oxoproline in 

plasma (393.34±33.42 μM), liver (6.93±0.76 μM), kidney (3.72±0.39 μM), skeletal muscle (11.15±3.78 

μM), small intestine (1.35±0.16 μM) and lung (2.33±0.21 μM) (Supp. Table 1a). Although 5-oxoproline is 

a common metabolite across different life forms, in humans increases in 5-oxoproline are documented 

in pathologies.46-48 The gamma-glutamyl enzymes are present in most tissues and essential for 
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glutathione function. Previous studies indicate that glutathione can act as a reserve for glutamate with 

some hypothesizing 5-oxoproline could do the same and that γ-GT is an alternative amino acid transport 

system.49-51 Given the elevated absolute concentration of 5-oxoproline in all tissues and its correlation to 

glutamine and glutamate, 5-oxoproline may represent a substantial pool for nitrogen sequestration in 

hibernation which could further support antioxidant function and amino acid pools.

1.3.5 Ketoacids increase during natural arousal from torpor

During torpor, WBP of branched chain ketoacids and metabolites (ketoisocaproic acid (KIC), 

ketoisovalerate acid (KIV), keto-beta-methylvalerate (KMV) and beta-hydroxy-beta-methylbutyrate 

(HMB)) are suppressed (Fig. 6a, p<0.002, WBP torpor vs. WBP summer euthermic, paired two-tailed t- 

test, n=5). Although it was beyond the scope of this study to capture WBP of these ketoacids during 

arousal, we next asked if the circulating levels of KIC and KIV and their ketone substrate (acetoacetate) 

increased in natural arousal from torpor to support nitrogen recycling. As arousal progresses, KIC, KIV 

and acetoacetate increase as Tb increases (Fig. 6b, p<0.001, repeated ANOVA, n=6). Interestingly, in AGS 

cecal content, branched chain fatty acids are higher in arousal compared to summer and torpor and 

acetate is higher during hibernation, suggesting microbial metabolism may support production of BCAA 

ketoacids from branched chain fatty acids.52 At 16oC leucine/isoleucine decreases, potentially indicating 

an uptake into tissues (Fig. 6b, p<0.001, repeated ANOVA, n=6). Pathway enrichment analysis identified 

amino acid metabolism and BCAA biosynthesis as metabolically significant over the course of arousal 

(Fig. 7, p<0.001 ANOVA, FDR-adjusted p value). The increase of BCAA ketoacids and their ketone parent 

(acetoacetate) in natural arousal from torpor supports nitrogen recycling by increasing availability of 

substrate for BCAA synthesis.
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1.4 Discussion:

The source and fate of free nitrogen during hibernation has until now been poorly understood. During 

interbout arousal, free nitrogen is recycled and buffered by transamination reactions into glutamate and 

glutamine and then incorporated into essential amino acids (EAA), non-essential amino acids (NEAAs) 

and the gamma-glutamyl intermediate 5-oxoproline. Nitrogen recycling has been proposed for decades 

as a potential mechanism of nitrogen homeostasis in hibernation. Our work, for the first time, 

demonstrates metabolic pathways facilitating nitrogen recycling in vivo and shows that free nitrogen is 

incorporated into metabolites. These metabolites may support protein synthesis and antioxidant 

capacity during arousal from torpor. Previous studies hypothesized that free EAAs, which support 

skeletal muscle and whole body protein synthesis, originate from collagen breakdown in labile protein 

sources during hibernation.4,18,35,36 We show that, although suppressed, skeletal muscle breakdown is 

greater than collagen breakdown in torpor suggesting that skeletal muscle breakdown contributes to 

circulating amino acids and increased nitrogen load in torpor to a greater degree than collagen 

breakdown.

Nitrogen recycling has been proposed for decades as a potential mechanism of metabolic homeostasis 

and physiological support in hibernation.6,7,16 Our work demonstrates unequivocally nitrogen recycling 

and de novo EAA synthesis and highlights pathways that support this metabolic mechanism. Our results 

suggest that inter-organ cooperation in metabolism supports synthesis of metabolites. These 

metabolites are essential components of tissue protein synthesis and have anabolic signaling properties 

and other physiological roles.27 Our findings highlighting recycling of nitrogen into NEAAs to support 

EAA synthesis expand on previous models predicting increased NEAA synthesis in hibernating bears.34 

15N Incorporation into 5-oxoproline also represents a novel pathway for recycling and buffering free 

nitrogen, while supporting previous studies suggesting 5-oxoproline and glutathione could act as pools 

for glutamate.49,50 In the greater context, antioxidants are known to be upregulated in hibernation and
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protect skeletal muscle from injury.45,53 Sequestration of nitrogen into the gamma-glutamyl cycle would 

support glutathione synthesis and antioxidant defense. Hibernators preserve their muscle mass and 

functionality despite extreme inactivity and prolonged fasting.2,4,18,54-57 While previous research has 

debated the extent of muscle preservation and the mechanisms responsible, we have documented the 

retention of lean tissue mass in AGS using dual energy x-ray absorptiometry during prolonged inactivity 

or forced disuse (neurectomy).2 Similarly, preservation of lean tissue mass determined by naturally 

occurring tissue nitrogen isotope ratios (δ15N) was noted in AGS housed throughout the hibernation 

season at mild ambient temperature of 2oC.7 By contrast, when housed at a colder ambient temperature 

(-10oC) such as experienced in the wild, there was a reduction in lean tissue mass in proportion to the 

total number of days of the hibernation season.7,9 Thus, milder ambient temperatures reveal a 

resistance to disuse atrophy not seen in non-hibernating species.2,55,56,58 Our analysis of liver and small 

intestine support Lee's interpretation of protein synthesis in these tissues during the hibernation season 

and suggest protein synthesis may occur in tissues such as lung, kidney and skeletal muscle to a lesser 

extent.

Our findings also support previous gene expression studies in AGS muscle that indicate protein 

anabolism persists throughout the hibernation season while proteasome, autophagy and atrogene gene 

expression are not changed or are downregulated.4,59 Metabolic pathways facilitating 15N recycling 

could directly support muscle protein synthesis during interbout arousal.1,4,18,55,58,60

While our data clearly shows enrichment of 15N in these key energy metabolites, there are some 

important caveats to consider. We observed lower 15N incorporation into EAA in skeletal muscle than in 

kidney, lung or liver. One reason for this could be regional temperature differences during 

rewarming.61,62 Tissues were collected 2 hours after IV bolus infusion during arousal; the head and 

thoracic region of the body warms more quickly than distal regions partially due to proximity of brown 

adipose tissue deposits and distal vasoconstriction.61 Further, in AGS arousal, blood flow to the 
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extremities significantly lags behind brain and organ blood flow, meaning that metabolic exchanges with 

circulation occur more quickly for the brain and visceral tissues than for the quadriceps.62 If experiments 

had taken place during full arousal (Tb>34°C) for a longer duration, we might have seen higher 

incorporation of labeled 15N in all tissues and peripheral skeletal muscle that lags in rewarming.

Indeed, we observed temperature dependent incorporation of 15N into amino acids in several tissues. 

We designed the 15N ammonium acetate infusion to standardize the time between infusion and sample 

collection. As a result, we collected tissues across a wide range of Tb due to variation in rates of 

rewarming. This allowed us to define linear relationships between Tb and degree of 15N incorporation in 

some tissues. The novel insight from this approach is that many of these mechanisms incorporate 15N 

into metabolites at temperatures as low as 5°C (albeit, at reduced rates). Ketoacids, however, only 

increase as temperatures reach 16°C. Therefore, 15N incorporation into leucine/isoleucine and large- 

scale synthesis of EAA may be temperature dependent (Supp. Fig. 2). This is consistent with previous 

findings that translation has a temperature threshold of 18°C in 13-lined ground squirrels.63

The scope of this study did not include measures of 3-MH or hPRO WBP rates during arousal. Arousal 

from torpor has a period of intense shivering and rapid physiological and metabolic changes. While we 

saw high rates of 3-MH production in deep torpor, it remains unknown if this trend continues or 

reverses during the arousal period. Additional metabolic flux analysis was not possible during interbout 

arousal because isotope from one infusion could have confounded an additional pulse study in the same 

animal during the hibernation season. While most of the total mammalian 3-MH pools exist in skeletal 

muscle, 3-MH is also present in actin in all cell types. Prior studies have pointed out that increased rates 

of 3-MH production could be partially caused by high rates of turnover in these actin pools.22 We 

interpret 3-MH as a marker of skeletal protein degradation rather than actin turnover due to the direct 

correlation of 3-MH to catabolism in leg muscle.20
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In summary, our results support a model of skeletal muscle breakdown and nitrogen accumulation in 

torpor with ammonia salvage pathways funneled away from the urea cycle and into, EAA, NEAA, and the 

gamma-glutamyl pathway during arousal. Many of these amino acids are direct precursors and signaling 

metabolites necessary for protein synthesis.

This work has translational significance as a model of metabolic resilience during extreme inactivity and 

nutrient deficiency. AGS utilize specific metabolic mechanisms to sustain nitrogen stores and deliver 

critical amino acids which are essential for protein synthesis and organ function. In the absence of 

mechanical loading, the maintenance oriented mechanisms responsible for the preservation of 

musculoskeletal system and physical function in hibernation are highly relevant to our understanding of 

clinical perturbations such as sarcopenia, cachexia and even spaceflight.64 Now recognized as 

therapeutic targets for accelerated muscle atrophy in humans, these protective mechanisms may also 

be positively influenced by the preservation of molecular mechanisms such as miRNAs that dampen the 

influence of myostatin and ubiquitin ligase in hibernating species.65,66 Future work should incorporate 

these active metabolic mechanisms with known molecular mechanisms that augment protein 

maintenance in hibernation to find novel therapeutic targets.
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1.8 Methods:

1.8.1 Trapping: Arctic Ground Squirrels (AGS, Urocitellus parryii) were trapped in early July in the 

northern foothills of the Brooks Range, Alaska, 40 miles south of Toolik Field Station (68°38 N, 

149°38 W; elevation 809 m) and were transported to Fairbanks, Alaska under permit by the Alaska 

Department of Fish and Game (permit numbers 18-111 and 17-156).

1.8.2 Ethic Overview: All procedures were performed in accordance with University of Alaska Fairbanks 

Institutional Animal Care and use Committee (IACUC, protocols 491809 and 996835).

1.8.3 Husbandry: AGS were housed in ambient temperature (Ta) between 16-18oC at 16:8-hour 

light/dark cycle until August 15th, when they were moved to cold chambers with Ta of 2oC at a 4:20 hour 

light/dark cycle. Animals were fed Mazuri Rodent chow (#5663 Mazuri, PMI Nutrition International, 

Richmond, IN, USA) and provided water during the euthermic period. Animals were housed individually 

in 12”x19”x12” stainless steel wire mesh hanging cages with cotton nests over ammonia absorbing corn 

cob litter. Once animals exhibited robust hibernation behavior, food was withdrawn; animals were 

placed in polycarbonate cages (8.5”x17”x8.5”) with shavings, cotton bedding and gel hydration packets. 

Polycarbonate cages were placed on receivers linked to a data collection system for core body 

temperature (Data Sciences International, St. Paul, MN, USA).

1.8.4 Surgery: AGS were instrumented with chronic femoral arterial and venous cannulas (3 Fr cannula, 

Instech Laboratories Inc, Plymouth Meeting, PA, USA) and either TA-F40 or CTA-F40 core body 

temperature loggers (Data Sciences International, St. Paul, MN, USA) in July and August. Cannulae 

patency was maintained with a heparin/glycerol locking solution (1:1).

1.8.5 Chemicals: A mixture of amino acid isotopes (Cambridge Isotope Laboratories, Woburn, MA USA) 

was compounded professionally in a compounding pharmacy (Temple, TX). For specific mixture 
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composition see Fig. 1. 15N Ammonium acetate (98%, Sigma-Aldrich, St. Louis, MO) was diluted in saline 

and sterilized by 0.2 μm filtration.

1.8.6 Definition of hibernation state: Torpor is defined as the time when core body temperature is below 

4oC. The first day of torpor is defined by a Tb of 4oC reached after a period of stable euthermic Tb (34- 

36oC). Entrance into torpor is defined during the period of decreasing Tb when Tb is within 10-11oC. We 

recorded body weight during the euthermic period preceding experiments.

1.8.7 Deep Torpor and Summer: Design for Whole Body Production Measurement with Pulse Isotope

Infusions: We administered mixed pulse isotope infusions (Fig. 1) in February during deep torpor on the 

third day of a torpor bout (Fig. 1, female n=5, male n=4). Infusions did not affect torpor (torpid Tb did not 

vary more than 0.12oC during experimental procedures). We flushed AGS cannula with sterile saline on 

the first and second day of torpor to habituate animals to cannula handling. If flushing induced arousal, 

animals were excluded from experimental procedures. Experiments began in the morning on the third 

day of torpor. Heparinized saline locking solution was removed and blood was sampled from the 

cannula prior to pulse infusion of a mixed amino acid isotope cocktail (0 hour). Blood was then sampled 

at precisely 10 min, 20 min, 30 min, 1 hour, 2 hour, 3 hour, 4 hour, 12 hour and 24 hour post infusion. 

Control experiments were repeated in summer (June) with the same animals under post-absorptive 

conditions after an overnight fast (female n=2, male n=3, cannuale patency was lost on a few animals 

over the winter season resulting in the decreased summer sample size). Blood sampled during the 

summer season was sampled immediately prior to infusion (0 hour), and at 5 min, 10 min, 15 min, 20 

min, 30 min, 1 hour, 1.5 hour and 2 hour. Blood was sampled via the arterial line and collected into a 

1cc syringe via a pin port and immediately transferred to a non-heparinized micro-hematocrit tube 

(Kimble) and sealed with putty. Blood was centrifuged for 2 min at 4oC and plasma was immediately 

placed on dry ice. Samples were transferred to a -80oC freezer and stored until shipped to Texas A&M 
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for analysis. Core body temperature (Tb) was recorded at 10-minute intervals throughout the 

hibernation season.

1.8.8 Deep Torpor and Summer Quantification of rates of Whole Body Metabolite Production: Deep 

torpor and summer metabolites and enrichments of tracers were measured batch-wise by stable tracer

dilution LC-MS/MS as previously described.19 While amino acid and metabolite production in vivo is 

often measured by primed-constant infusions of stable isotope tracers, torpor and arousal from torpor 

are non-steady-state physiological conditions with unknown metabolite production rates and 

metabolite pool sizes.19,67 Pulse isotope tracer methodology is the preferred technique to measure non

steady state conditions by measuring decay curves with noncompartmental modeling.19,67,68 In brief, 

deproteinized plasma supernatants were diluted in reagents required for a 9-fluorenylmethoxycarbonyl 

(Fmoc) reaction. Reactions were stopped after 15 minutes. We injected 0.2-1.7 μL into the 24 μl∕min 

pumped flow (microLC 200, Eksigent, part of AB Sciex) of 73:23:4 water-acetonitrile-isopropanol 

containing 11 mM ammonium acetate, onto a 100 × 0.5 mm column packed by Eksigent with 2.7 μm 90 

A HALO C18 fused-core silica beads (Advanced Materials Technology). Fmoc-amino acids eluted over 3.2 

min; bis-Fmoc-amino acids (ornithine, and tyrosine) eluted by 4.5 min. Ions were conveyed by heated 

electrospray (-3.8 kV IS; 150°C TEM; 14 GAS1; 25 GAS2) to a 5500 QTRAP (Sciex) for multiple reaction 

monitoring (MRM) of the loss of the Fmoc moiety or moieties, regenerating the amino acid anion. 

Collision energy (CE) was de-optimized as needed for analytes that would otherwise risk detector 

saturation. Peaks were automatically identified and integrated by the SignalFinder1 algorithm in 

MultiQuant v. 3.0 (Sciex) and integrations were inspected. Manual reintegration (redrawing of baselines 

and peak boundaries) was disallowed, but manual reidentification was allowed as needed. Peak areas 

were exported to Excel for calculation of area ratios for 1) concentration measurements using a tracer 

for the internal standard and 2) enrichment measurements of an exogenous tracer (or tracer 

metabolite) to the corresponding amino acid. Area ratios of calibrators were regressed against calibrator 
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known tracer-to-tracee ratios (TTR) by ordinary least squares (Prism 8, GraphPad). By reverse prediction, 

each plasma sample area ratio was converted to a TTR. Previous experiments have documented that 

the pulse isotope infusion does not affect the tracee concentration.19

1.8.9 Calculations of Whole Body Production: The decay of TTR over time was normalized with body 

weight and amount of administered tracer (Prism 8, Graphpad). Decay of TTR amino acid isotopes were 

fitted to the equation y=a*exp(-k1*x)+b*exp(-k2*x), where k1 and k2 are decay rate constants of tracer 

and tracee, and area under the curve (AUC) was calculated from the integral of the two exponential 

curves.68 Rate of appearance (Ra) for each amino acid is calculated by: dose of metabolite in the pulse 

infusion/decay of metabolite tracer (AUC). Whole body rate of appearance (Ra) of amino acids is a 

proxy for whole body production (WBP).

1.8.10 Metabolomic Deep Torpor Profiling Experimental Procedure: Animals were habituated to cannula 

flushing with sterile saline. Plasma was sampled from naïve hibernating AGS without disturbing 

hibernation over a full torpor bout (Fig. 1, female n=5, male n=4). Sampling occurred during entrance to 

torpor (Tb 11-12oC) and sequentially through a full torpor bout. Six animals were also sampled through a 

natural arousal at four time points during re-warming: 2.5oC, 4oC, 16oC and 35oC. A typical torpor bout 

is a 14 to 20-day period while a typical arousal is a 12-24 hour period, though timing varies depending 

on ambient temperature and season.10 Relative abundance of metabolites was normalized to entrance 

levels (Tb 11-12oC). Duration of torpor was expressed as a percentage of the total length of the torpor 

bout in days.

1.8.11 Longitudinal Global Metabolomic Quantification: Plasma samples (20 μl) were extracted using ice 

cold methanol:acetonitrile:water (5:3:2) at 1:25 dilution as described.69 Extracts were analyzed on a 

Thermo Vanquish ultra-high performance liquid chromatograph (UHPLC) coupled online to a Thermo Q 

Exactive mass spectrometer using a 5 min C18 gradient method in positive and negative modes as 

described previously.24,70 Peak picking and metabolite assignment were performed using Maven
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(Princeton University) against the KEGG database (https://www.genome.jp/kegg),71,72 confirmed against 

chemical formula determination from isotopic patterns and accurate mass, and validated against 

experimental retention times for >650 standard compounds (Sigma Aldrich; MLSMS, IROATech, Bolton, 

MA, USA).73

1.8.12 Compartmental Nitrogen (15N) Flux in Arousal from Torpor Experimental Procedure: 15N-

Ammonium acetate experiments occurred on the third day of a torpor bout in February in a separate 

animal group from previous tracer studies. Arousal was induced by handling between 0730 and 0830 in 

the morning. Importantly, while re-warming rates vary slightly between handling-induced vs. 

spontaneous arousal, inducing arousal was not expected to influence outcome of the study. As Williams 

et al. (2011) has noted, differences in metabolic energetic demand on AGS (in a different circumstance, 

hibernating at two different temperatures), did not alter transcript levels in major metabolic tissues 

such as BAT and liver.74 A 15N ammonium acetate venous bolus of either 72 mg/kg (female n=3, male 

n=3) or 360 mg/kg (female n=3, male n=2) at a volume of 1 ml/kg was infused 1.5 hours after inducing 

arousal (Fig. 1). Blood was sampled two hours post infusion under a surgical plane of anesthesia 

(induced at 5% isoflurane with 100% medical grade oxygen). Animals were euthanized (by decapitation) 

directly afterwards and tissues were rapidly sampled and frozen on dry ice. Because the time between 

bolus and sample collection was standardized to two hours post infusion, rectal temperature of AGS 

taken at time of tissue collection varied from 4.9-24.4oC. Tissue samples included liver (left lobe), kidney 

(cortex), skeletal muscle (right quadriceps femoris), lung (right), plasma, and small intestine (cleaned 

from mesentery). Tissue samples were extracted in ice-cold lysis/extraction buffer (described above) at 

a concentration of 15 mg/mL in the presence of glass beads. Samples were agitated via bead beater for 

3 min at 4oC then vortexed for 30 minutes and centrifuged at 18,200 g for 10 minutes at 4oC. Plasma 

samples (20 μl) were extracted as described above.
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1.8.13 15N Tracer Metabolite Quantification: Plasma and tissue extracts were analyzed by UHPLC-MS as 

described above (see longitudinal metabolomics sampling). Animals in this experiment had no previous 

tracer infusions. Major metabolites for nitrogen metabolism were inspected for 15N incorporation 

including purine, amino acid, creatine, spermidine, urea cycle and 5-oxoproline metabolism.

Isotopologue distributions were corrected for natural abundance and results were plotted in GraphPad 

Prism 8.0.

1.8.14 Statistical Analysis: Results were expressed as mean +/- standard error of the mean (S.E.M). 

Significance of difference was assessed by repeated measures ANOVA, post hoc LSD and two-tailed 

student's t-test as specified using SPSS (version 25, IBM SPSS Statistics, Armornk, NY). Measurements 

that violated sphericity were reported with greenhouse-geisser (G-G) corrections and t-tests that 

violated Levene's test for equality were performed without assuming equal variances. Pathway 

enrichment analysis was performed using MetaboAnalyst 4.0. GraphPad Prism (version 8, GraphPad 

Software Inc., La Jolla, CA) was used for graphic presentation. Treatment groups were matched for sex 

and hibernation phase timing. Treatment was not blinded and no data was excluded.

Sample size was determined by availability of wild-caught animals, but guided by a priori power analysis 

based on published literature.11 A priori power analysis (G*Power software) was performed to estimate 

sample size needed to yield 80% power with 0.05 α error probability for a two tailed t-test. A priori 

power analysis indicated that a sample size of eight animals with an expected difference in means of 

0.20 and standard deviations of 0.15 and 0.11 (based on metabolite data taken from thirteen lined 

ground squirrel late torpor versus entrance) would have power of 0.81. In our studies, a sample size of 

nine was chosen to account for attrition.
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Figure 1.1. Schematic for separate experimental procedures. Experiment #1 infused amino acid isotopes and sampled 
blood without inducing arousal, body temperature (Tb) <4oC represents torpor, Tb >34oC represents interbout arousal. 
Experiments were repeated in the same animals during summer euthermia in the post-absorptive state. Composition of 
isotope pulse infusion in deep torpor and summer euthermic animals during experiment #1 reported in nmol/g body 
weight, n=14, mean ±SEM. (next page) Experiment #2 sampled blood in undisturbed hibernators from entrance into 
hibernation through a full torpor bout. Experiment #3 induced arousal by handling animals, infused 15N ammonium 
acetate and collected blood and tissues.

Tracer Pulse tracer (nmol/g body weight)
Citrulline (5-13C; 4,4,5,5-D4) 0.79 (±0.04)

Ornithine (13C5) 0.40 (±0.02)
Glutamine (15N2) 3.14 (±0.15)

Glutamic acid (1,2-13C2) 3.81 (±0.19)
Glycine (1-13C) 9.65 (±0.48)
Leucine (13C6) 2.27 (±0.11)

Tau-Methylhistidine (Methyl-D3) 0.18 (±0.01)
trans-4-Hydroxy-L-proline (2,5,5-D3) 0.35 (±0.02)

Phenylalanine (Ring-13C6) 4.73 (±0.23)
Taurine (1,2-13C2) 1.67 (±0.08)

Tryptophan (Indole-D5) 1.44 (±0.07)
Tyrosine (Ring-D4) 0.40 (±0.02)
Isoleucine (1-13C) 0.21 (±0.01)

Valine (13C5) 1.02 (±0.05)
Ketoisocaproic acid (KIC, 1-13C) 1.49 (±0.07)

Ketoisovaleric acid (KIV, Dimethyl-13C2) 1.61 (±0.08)
Keto-β-methylvalerate (KMV, 13C6) 1.16 (±0.06)

β-hydroxy β-methylbutric acid (HMB, 3,4 
methyl 13C2) 0.08 (±0.00)
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Figure 1.1. Continued.
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Figure 1.2. Skeletal muscle breakdown is on-going and whole body production (WBP) of all metabolites are depressed in deep 
torpor. a. In deep torpor, tau-methylhistidine (3-MH), a marker of skeletal muscle breakdown, is less repressed than hydroxy L- 
proline (hPRO), a marker of collagen breakdown (*p<0.001, WBP ratio hPRO vs 3-MH, two tailed t-test). Table insert: 3-MH and 
hPRO both significantly decline during torpor compared to summer (*p<0.001, two tailed t-test). b. Whole body production (WBP) 
of all metabolites are depressed in torpor compared to summer euthermia (n=5 AGS for all metabolites excluding tyrosine n=3 AGS 
and isoleucine n=4 AGS). WBP of glutamate in summer was too fast to generate a reliable decay curve and is not reported. 
(*p<0.05, **p<0.001 euthermic vs. deep torpor, paired two tailed t-test, FDR corrected). c. WBP of amino acids is suppressed to 
varying degrees. d. Linear regression analysis for tau-methylhisitidine WBP compared to metabolite WBP in deep torpor. 
Phenylalanine, glutamine and citrulline WBP are significantly correlated to tau-methylhistidine WBP in torpor (p<0.05, linear 
regression, n=9). Data shown are mean ±SEM
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Figure 1.3. Circulating nitrogen metabolite pools increase as torpor progresses while urea cycle intermediates do not 
increase. Data shown are relative abundance normalized to a sample collected at entrance into torpor at a Tb of 11-12°C. 
The x-axis indicates duration of the torpor bout expressed as a percent of the total length of the bout in days. (*p<0.05, 
**p<0.005 vs 10-15% posthoc LSD, n=9). Creatinine, creatine, trans-4-hydroxy-L-proline, allantoin, hypoxanthine, xanthine 
significantly increase over torpor (*p<0.05, **p<0.005 vs 10-15% posthoc LSD, n=9). Urea cycle intermediates citrulline, 
ornithine and arginine do not increase over torpor (ns, repeated measures ANOVA). Measurements are from individual 
animals sampled over a single, undisturbed torpor bout. Data shown as mean ±SEM
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Figure 1.4. Free 15N ammonia is recycled into nonessential amino acids (blue), essential amino acids (red) and 5-oxoproline 
(turquoise) during arousal from torpor. Data show percent of 15N incorporation during arousal from torpor following 72 mg/kg 
15N ammonium acetate pulse infusion, n=6, mean ±SEM. Calculations for percent 15N incorporation: (15N metabolite peak 
area)/(15N metabolite peak area + 14N metabolite peak area)*100 following natural abundance correction.
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Figure 1.5. Proposed pathway for 15N ammonia recycling into amino acids depends on non-essential amino acid 
incorporation during arousal from torpor. Unlabeled metabolites (14N), denoted as M+0, measured in the pulse 
experiments are shown in stacked bar graphs (72 mg/kg 15N ammonium acetate pulse infusion n=6). Bar graphs show 
percent of 15N incorporation (M+1) into metabolites (72 mg/kg 15N ammonium acetate pulse infusion, n=6). Percent 15N 
incorporation (denoted as M+1) calculated as: ((15N metabolite peak area/(15N metabolite peak area + 14N metabolite peak 
area))*100 following natural abundance correction. Suggested location of 15N nitrogen is labeled by red circles, but analysis 
cannot determine specific location in metabolite. Carbon is labeled by blue circles, unlabeled nitrogen by green circles. 
Data shown mean ±SEM
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Figure 1.5. Continued.



Figure 1.6: Branched chained ketoacid WBPis suppressed in torpor, but ketoacids and ketones increase during arousal from 
torpor. a.) Ketoisocaproic acid (KIC), ketoisovalerate (KIV), keto-beta-methylvalerate (KMV) and beta-hydroxy-beta- 
methylbutyrate (HMB) whole body production (WBP) are suppressed in torpor compared to summer euthermia (**p<0.002, WBP 
torpor vs. WBP summer euthermic, paired two tailed t-test, n=5). b.) KIC, KIV, 3-hydroxy-3-methyl-2-oxobutanoic acid and 
acetoacetate increase over arousal (*p<0.05, **p<0.005 vs early arousal (2.5oC), posthoc LSD, n=6). Valine does not significantly 
increase over arousal (ns, repeated measures ANOVA) and leucine-isoleucine decreases (*p<0.05 vs early arousal (2.5oC), posthoc 
LSD, n=6). Measurements are from individual animals sampled over a natural arousal. Measurements are normalized to the 
relative abundance of sample collected during entrance into hibernation at Tb 11-12oC. Data shown as mean ±SEM
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Figure 1.7: Pathway enrichment analysis shows evidence for amino acid metabolism and branched chain amino acid 
biosynthesis in arousal from torpor, and points to the prevalence of transamination reactions involving glutamate, alanine 
and aspartate during torpor. a.) Arousal pathway enrichment analysis compared early arousal (2.5oC) and full arousal (35oC) 
using MetaboAnalyst 4.0 (n=6) b.) Torpor pathway enrichment analysis compared early torpor (10-15% of torpor bout 
completed) to late torpor (88-100% of torpor bout completed) using MetaboAnalyst 4.0 (n=9)
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Supplemental Figure 1.1. Tracer to tracee ratio (TTR) decay curves show slow decay in torpor (red, n=9) compared to summer 
euthermic AGS (blue, n=5). Decay of TTR amino acid isotopes were fitted to the equation y=a*exp(-k1*x)+b*exp(-k2*x), and area 
under the curve (AUC) was calculated from the integral of the two exponential curves. Rate of appearance (Ra) for each amino 
acid is calculated by: dose of metabolite in the pulse infusion/AUC. Whole body rate of appearance (Ra) of amino acids is a proxy 
for whole body production (WBP).
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Supplemental Figure 1.1. Continued.
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a.

Supplemental Table 1.1 a. Absolute concentrations of 5-oxoproline, glutamate, glutamine and glutathione during 
15N experimental infusions. (next page) b. Linear regression analysis correlates 5-oxoproline with glutamate and 
glutamine for both 72 mg/kg and 360 mg/kg 15N ammonium acetate pulse infusion in all tissues (p<0.001), but not 
glutathione.

Tissue Treatment
(mg/kg) Metabolite N Mean SEM SD

Plasma

72
Glutamate (uM) 6 14.45 2.49 6.11

5-Oxoproline (uM) 6 393.34 33.42 81.87
Glutamine (uM) 6 610.33 65.07 159.38
Glutathione (uM) 6 0.50 0.14 0.34

360
Glutamate (uM) 5 11.71 4.96 11.08

5-Oxoproline (uM) 5 391.80 38.03 85.03
Glutamine (uM) 5 585.38 35.67 79.75
Glutathione (uM) 5 0.70 0.28 0.62

Liver

72
Glutamate (uM) 6 7.30 0.86 2.10

5-Oxoproline (uM) 6 6.93 0.76 1.86
Glutamine (uM) 6 4.90 1.20 2.93
Glutathione (uM) 6 6.10 1.22 3.00

360
Glutamate (uM) 4 5.00 0.81 1.62

5-Oxoproline (uM) 4 7.51 0.91 1.82
Glutamine (uM) 4 5.37 0.86 1.73
Glutathione (uM) 4 6.88 1.17 2.34

Kidney

72
Glutamate (uM) 6 3.88 0.43 1.05

5-Oxoproline (uM) 6 3.72 0.39 0.96
Glutamine (uM) 6 2.56 0.27 0.66
Glutathione (uM) 6 0.32 0.05 0.12

360
Glutamate (uM) 6 5.49 1.26 3.08

5-Oxoproline (uM) 6 6.06 1.17 2.86
Glutamine (uM) 6 4.25 0.99 2.43
Glutathione (uM) 6 1.67 0.88 2.14

Skeletal
Muscle

72
Glutamate (uM) 6 6.74 1.74 4.25

5-Oxoproline (uM) 6 11.15 3.78 9.27
Glutamine (uM) 6 19.08 6.17 15.12
Glutathione (uM) 6 0.79 0.12 0.30

360
Glutamate (uM) 5 2.86 0.82 1.84

5-Oxoproline (uM) 5 4.01 0.50 1.11
Glutamine (uM) 5 7.66 1.18 2.63
Glutathione (uM) 5 0.55 0.07 0.16

Small
Intestine

72
Glutamate (uM) 6 3.61 0.34 0.82

5-Oxoproline (uM) 6 1.35 0.16 0.40
Glutamine (uM) 6 0.38 0.12 0.28
Glutathione (uM) 6 0.72 0.23 0.57

360
Glutamate (uM) 5 2.74 0.27 0.61

5-Oxoproline (uM) 5 1.17 0.16 0.35
Glutamine (uM) 5 0.31 0.06 0.13
Glutathione (uM) 5 0.51 0.14 0.32

Lung

72
Glutamate (uM) 6 5.85 0.54 1.33

5-Oxoproline (uM) 6 2.33 0.21 0.52
Glutamine (uM) 6 0.78 0.17 0.41
Glutathione (uM) 6 0.35 0.06 0.15

360
Glutamate (uM) 5 3.33 0.29 0.65

5-Oxoproline (uM) 5 1.74 0.27 0.61
Glutamine (uM) 5 0.96 0.33 0.74
Glutathione (uM) 5 0.26 0.03 0.07
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Supplemental Table 1.1 Continued.

b.
5-oxoproline Regression Analysis

Tx (mg/kg) Metabolite R2 Intercept Slope F p

72 Glutathione 0.033 86.308 -11.272 1.154 0.290

360 Glutathione 0.018 81.688 -8.195 0.518 0.478

72 Glutamine 0.995* 2.524 0.633 6641.01
7 0.000

360 Glutamine 0.992* 0.928 0.673 3668.58
8 0.000

72 Glutamate 0.387* -67.456 19.686 21.434 0.000

360 Glutamate 0.431* -26.158 18.215 21.201 0.000
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Supplemental Figure 1.2: Linear regression analysis indicates 15N incorporation into leucine/isoleucine is correlated to core 
body temperature during arousal from torpor (72 mg/kg 15N ammonium acetate pulse infusion n=6, 360 mg/kg 15N ammonium 
acetate pulse infusion n=5). In tissues where nitrogen incorporation was not observed in more than one animal, regression 
analysis was not preformed.
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Supplemental Figure 1.2: Continued.

Metabolite Tx (mg/kg) Tissue R Square Intercept Slope F p value

15N Leucine/Isoleucine

72 Kidney 0.650 4.705 2.397 7.437 0.053
360 Kidney 0.850* 3.888 0.563 17.018 0.026
72 Liver 0.330 20.676 -49.630 1.973 0.233

360 Liver 0.943* 6.286 4.432 49.345 0.006
72 Lung 0.715* 5.436 17.903 10.039 0.034

360 Lung 0.860* 6.070 1.675 18.418 0.023
72 Plasma 0.763* 8.849 27.387 12.906 0.023

360 Plasma 0.895* 6.820 3.371 25.505 0.015

360 Skeletal
Muscle 0.870* 6.876 6.367 20.043 0.021

72 Small
Intestine 0.596 11.122 25.268 5.892 0.072

360 Small
Intestine 0.269 3.968 10.352 1.106 0.37
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Supplemental Figure 1.3: Linear regression analysis indicates 15N incorporation glutamate in skeletal muscle is correlated to core 
body temperature during arousal from torpor (72 mg/kg 15N ammonium acetate pulse infusion n=6, 360 mg/kg 15N ammonium 
acetate pulse infusion n=5). In tissues where nitrogen incorporation was not observed in more than one animal, regression 
analysis was not preformed.
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Supplemental Figure 1.3: Continued.

Metabolite Tx (mg/kg) Tissue R Square Intercept Slope F p value

15N Glutamate

72 Kidney 0.384 6.900 1.097 2.489 0.19
360 Kidney 0.735 2.318 0.305 8.326 0.063
72 Liver 0.053 12.965 0.195 0.226 0.659
360 Liver 0.344 -5.324 0.288 1.571 0.299
72 Lung 0.403 7.771 3.374 2.703 0.176
360 Lung 0.744 6.280 0.429 8.718 0.06
72 Plasma 0.176 28.050 -0.279 0.855 0.407
360 Plasma 0.536 -7.218 0.303 3.471 0.159

72 Skeletal
Muscle 0.678* 5.169 15.569 8.437 0.044

360 Skeletal
Muscle 0.907* 5.175 2.678 29.132 0.012

72 Small
Intestine 0.581 4.429 7.780 5.537 0.078

360 Small
Intestine 0.067 6.280 0.429 0.214 0.675
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Supplemental Figure 1.4: Linear regression analysis indicates 15N incorporation into glutamine is correlated to core body 
temperature during arousal from torpor in kidney, plasma and liver (72 mg/kg 15N ammonium acetate pulse infusion 
n=6, 360 mg/kg 15N ammonium acetate pulse infusion n=5). In tissues where nitrogen incorporation was not observed in 
more than one animal, regression analysis was not preformed.
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Supplemental Figure 1.4: Continued.

Metabolite Tx (mg/kg) Tissue R Square Intercept Slope F p value

15N Glutamine

72 Kidney 0.940* 7.377 0.758 62.349 0.001
360 Kidney 0.891* 6.492 0.531 24.538 0.016
72 Liver 0.798* 4.848 0.713 15.759 0.017

360 Liver 0.238 4.246 0.191 0.935 0.405
72 Lung 0.593 8.608 0.831 5.830 0.073

360 Lung 0.924* 5.442 0.591 36.419 0.009
72 Plasma 0.945* 3.333 0.868 69.079 0.001

360 Plasma 0.920* 4.318 0.456 34.578 0.01

72 Skeletal
Muscle 0.224 8.494 3.701 1.157 0.343

360 Skeletal
Muscle 0.499 3.391 1.875 2.984 0.183

72 Small
Intestine 0.401 11.788 1.262 2.682 0.177

360 Small
Intestine 0.856* 6.602 1.065 17.895 0.024
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Metabolite Tx 
(mg/kg) Tissue R Square Intercept Slope F p value

15N Glutamine M+2

72 Kidney 0.937* 8.385 5.660 59.641 0.002
360 Kidney 0.897* 7.023 1.291 26.111 0.015
72 Liver 0.614 6.937 3.964 6.368 0.065

360 Liver 0.938* 5.260 0.471 45.773 0.007
72 Plasma 0.448 8.320 3.868 3.251 0.146

360 Plasma 0.963* 5.965 0.787 78.997 0.003

Supplemental Figure 1.5: Linear regression analysis indicates 15N incorporation into Glutamine M+2 is correlated to core body 
temperature in kidney and liver during arousal from torpor (72 mg/kg 15N ammonium acetate pulse infusion n=6, 360 mg/kg 
15N ammonium acetate pulse infusion n=5). In tissues where nitrogen incorporation was not observed in more than one animal, 
regression analysis was not preformed.
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Supplemental Figure 1.6: Linear regression in analysis indicates 15N incorporation into valine cannot be verified to rely on 
core body temperature during arousal from torpor. In tissues where nitrogen incorporation was not observed in more than 
one animal, regression analysis was not preformed

Metabolite Tx (mg/kg) Tissue R Square Intercept Slope F p value

15N Valine

72 Kidney 0.104 13.544 137.479 0.465 0.533

72 Skeletal
Muscle 0.245

11.096 73.697 1.300 0.318

360 Skeletal
Muscle 0.025

9.960 -7.498 0.078 0.799

72 Small
Intestine 0.019

14.942 60.137 0.079 0.792

360 Small
Intestine 0.041

9.769 -34.668 0.127 0.745
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Supplemental Figure 1.7. Free 15N ammonia is recycled into nonessential amino acids (blue), essential amino acids (red) and 5- 
oxoproline (turquoise) during arousal from torpor (360 mg/kg 15N ammonium acetate pulse infusion, n=5, mean ±SEM). Percent 
15N incorporation calculated as: (15N metabolite peak area/(15N metabolite peak area + 14N metabolite peak area))*100 following 
natural abundance correction.
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Chapter 2: Exogenous ammonia influences arousal and impairs BAT thermogenesis during arousal from 

hibernation2

2In Preparation for submission as Rice, SA; Gehrke, S; Reisz, JA; D'Alessandro, A; Drew, KL (2020) 
Exogenous ammonia influences arousal and impairs BAT thermogenesis during arousal from hibernation

2.1 Abstract:

Throughout hibernation many animals periodically arouse from torpor (termed interbout arousal (IBA)), 

increasing core body temperature (Tb), metabolism and physiological processes. The endogenous 

mechanism which signals this process is still unknown. Though controversial, the hypothesis that 

nitrogenous metabolic waste influences natural IBA has existed for over half a century. Recent 

metabolomic studies indicate a buildup of nitrogenous amino acids as animals progress through torpor 

bouts. To investigate if nitrogen load could induce IBA, ammonium acetate (6 mg/kg/hr or 30 mg/kg/hr) 

and controls of sodium acetate (6 mg/kg/hr or 30 mg/kg/hr) and saline were blindly infused for 12 hours 

in early torpor of Arctic Ground Squirrels (AGS). Tb was continuously measured and plasma was sampled. 

While a high dose of ammonium acetate (30 mg/kg/hr) induced a slow arousal, follow up studies found 

that increasing nitrogen load decreases brown adipose tissue (BAT) thermogenesis and alters the 

metabolic profile compared to natural IBA. In conclusion, while nitrogen load can induce IBA, it does not 

mimic a natural arousal process or corresponding metabolic phenotype.
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2.2 Introduction:

Hibernation is a strategy for conserving energy through periods of resource scarcity.[1] Arctic Ground

Squirrels (AGS) fast for up to 8 months while oscillating between long periods of hypometabolism and 

reduced core body temperature (torpor) and short periods when body temperature and metabolism 

increase (interbout arousal, IBA).[2, 3] The benefits of IBA range from replenishing metabolic pools to 

resuming protein synthesis, renal function, gluconeogenesis, immune response and engaging in sleep.[2, 

4-10] The mechanism which signals IBA from torpor, however, is still debated and poorly understood. 

While many mechanisms have been shown to reduce torpor bout length or induce IBA from torpor, no 

unified theory exists for an endogenous signal to induce arousal.[11-17]

An accumulation of waste products or a depletion of fuel resources have long been hypothesized as the 

endogenous signal to induce arousal from torpor, but historical data on nitrogen load in torpor has been 

conflicting.[10, 14, 18, 19] More recent studies have noted a glutamine increase in liver and plasma.[4, 

5]Our lab has additionally reported active transaminase reactions during IBA and increased plasma 

glutamine, glutamate and alanine as torpor progressed.[20] Exogenous ammonia directly leads to 

glutamine formation via glutamine synthetase (GS) in plasma and brain. [21-24]

We therefore hypothesized that free nitrogen contributes to the signal that stimulates interbout 

arousal. To test this hypothesis, we infused a nitrogen donor (ammonium acetate) during early torpor 

and monitored AGS for thermogenesis and arousal. Follow-up studies investigated the impact of 

ammonium acetate load on brown adipose tissue (BAT) thermogenesis and the plasma metabolome.
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2.3 Methods:

2.3.1 Trapping and animals: Arctic Ground Squirrels (AGS, Urocitellus parryii) were trapped early July in 

the northern foothills of the Brooks Range, Alaska, 40 miles south of Toolik Field Station (68°38 N, 

149°38 W; elevation 809 m) and were transported to Fairbanks, Alaska under permit by the Alaska 

Department of Fish and Game. Surgery was performed on a balanced number of male and female AGS.

2.3.2 Ethics Overview: All procedures were performed in accordance with University of Alaska Fairbanks 

Institutional Animal Care and use Committee (IACUC).

2.3.3 Husbandry: AGS were housed in ambient temperature (Ta) between 16-18oC at 16:8 hour 

light/dark cycle until August 15th, when they were moved to cold chambers with Ta of 2oC at a 4:20 hour 

light/dark cycle. Animals were fed approximately 47 g of Mazuri Rodent chow (#5663 Mazuri, PMI 

Nutrition International, Richmond, IN, USA) and provided water during the euthermic period. Animals 

were housed individually in 12”x19”x12” stainless steel wire mesh hanging cages with cotton nests over 

ammonia absorbing corn cob litter. Once animals exhibited robust hibernation behavior, food was 

withdrawn; animals were placed in polycarbonate cages (8.5”x17”x8.5”) with shavings, cotton bedding 

and gel hydration packets. Polycarbonate cages were placed on receivers linked to a data collection 

system for core body temperature (Data Sciences International, St. Paul, MN, USA).

2.3.4 Surgery: AGS were instrumented with chronic femoral arterial and venous cannulas (3 Fr rat 

femoral cannula, Instech Laboratories Inc, Plymouth Meeting, PA, USA) and either TA-F40 or CTA-F40 

core body temperature loggers (Data Sciences International, St. Paul, MN, USA) in July and August as 

previously described.[20] Cannulae patency was maintained with a heparin/glycerol locking solution 

(1:1).
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2.3.5 Hibernation Physiology: Torpid Tb was monitored continuously through the hibernation season at 

intervals of every 10 minutes. Torpor bouts last approximately 14-21 days after the first initial torpor 

bouts. Torpor is interrupted by interbout arousal periods (IBA) that last approximately 24 hours. The first 

day of torpor is defined as the day animal Tb decreases below 4oC. All infusion experiments took place on 

the 3rd day of the torpor bout.

2.3.6 Influence of nitrogen load on thermogenesis and arousal, experimental design: To ask if increased 

nitrogen load could signal initiation of arousal, AGS were infused with ammonium acetate (Sigma- 

Aldrich, St. Louis, MO 63103, sterilized through 0.2μm filters), sodium acetate (USP grade, Hospira, Inc., 

Lake Forest, IL, 60045 USA, sterilized through 0.2μm filters), and saline (USP grade, Henry Schein, Dublin, 

OH 43017) over the hibernation season in blinded experiments. Animals received the three treatments 

in one of three sequences so the order of infusion was balanced between all groups. We performed 

these experiments in hibernating AGS that had shown at least two full torpor bouts and at least one full 

natural torpor bout between experiments. On the first and second days of torpor cannulas were flushed 

with sterile saline to habituate animals to cannula handling. If flushing induced arousal on the first or 

second day of torpor, animals were excluded from the experimental design. Experiments began in the 

morning on the third day of torpor. Animals received an infusion of 1.44 mL over 12h via venous 

cannula (rate 0.120 ml/hr) of blinded 1.) ammonium acetate (6 mg/kg/hr) (n=4) 2.) ammonium acetate 

(30 mg/kg/hr) (n=4) 3.) sodium acetate (6 mg/kg/hr) (n=5) 4.) sodium acetate (30 mg/kg/hr) (n=5) or 5.) 

saline (n=10). Core body temperature (Tb) was recorded every 10 minutes to assess the influence on 

thermogenesis. Plasma samples were sampled via arterial cannula at baseline (immediately prior to 

infusion), 6 hours into the infusion and the day after infusion when animals were aroused. Blood was 

immediately transferred to non-heparinized micro-hematocrit tubes (Kimble) and sealed with putty. 

Blood was centrifuged for 2 min at 4oC and plasma was immediately placed on ice. Samples were 

transferred to a -80oC freezer until analysis.
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2.3.7 Nitrogen load influence on brown adipose tissue thermogenesis, experimental design: We next 

asked how BAT thermogenesis was associated with the slower rate of arousal in AGS. AGS were aroused 

by handling on the third day of torpor in the morning. One and half hours after handling, AGS received 

either an IV bolus of 72 mg/kg (3 females, 3 males) or a 360 mg/kg (3 females, 2 males) of 15N 

ammonium acetate (Sigma-Aldrich, St. Louis, MO 63103) via venous catheter. Two hours post-infusion 

animals were anesthetized (induced at 5% isoflurane with 100% medical grade oxygen). Anesthesia was 

confirmed by toe pinch. Blood was sampled via cardiac puncture and animals were euthanized by 

decapitation directly after blood sampling. BAT temperature was measured immediately by inserting 

the tip of a digital microprocessor thermometer (model HH21 Omega Engineering, Stamford, CT) into 

the right axillar BAT deposit. Blood was immediately centrifuged at 3,000 xg for 8 minutes at 4oC. 

Plasma was pipetted into a new tube and placed onto dry ice. Samples were stored at -80oC.

2.3.8 Natural Arousal Plasma Sampling: To compare natural arousal to ammonium acetate induced 

arousal, we opportunistically used a dataset of previously published metabolomic data.[20] Blood, from 

this previously published dataset, was sampled via arterial catheter from naïve AGS during a torpor bout 

and throughout a natural IBA without disturbing the animal (female n=5, male n=4). Blood was 

immediately transferred to non-heparinized, micro-hematocrit tubes (Kimble) and sealed with putty.

Blood was centrifuged for 2 min at 4oC and plasma was immediately placed on ice. Samples were stored 

at -80oC until analysis. Blood sampled at a core Tb of 2-3oC (early arousal) and 34-38oC (full arousal) was 

used to compared to ammonium acetate induced arousal

2.3.9 Metabolomic Quantification: Plasma samples (20 μl) were extracted using ice cold 

methanol:acetonitrile:water (5:3:2) at 1:25 dilution, agitated at 4oC for 30 minutes and centrifuged at 

10,000 g for 15 min at 4oC. Protein pellets were discarded, while supernatants and lipids were stored at 

-80oC prior to metabolomic analysis.
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Metabolomic analysis was performed as described previously.[25] Sample extracts (20 μl) were injected 

into a Thermo Vanquish ultrahigh pressure liquid chromatography system (Thermo Fisher Scientific, San 

Jose, CA, USA) and run on a Kinetex XB-C18 column (150 x 12.1 mm, 1.7 μm - Phenomenex, Torrance, 

CA, USA) using a 5 min gradient in positive and negative modes (separate runs) as described.[26] The 

UHPLC system was coupled online with a Thermo Q Exactive mass spectrometer (Thermo Fisher, 

Bremen, Germany), scanning in Full MS mode (2 μscans) at 70,000 resolution in the 65-975 m/z range. 

Electrospray ionization was achieved using 4 kV spray voltage, 45 sheath gas, 25 auxiliary gas (both N2). 

Metabolite identification and peak integration were performed using Maven (Princeton, NJ, USA) in 

conjunction with the KEGG database[27] and an in-house standard compound library.[25]

2.3.10 Statistical Analysis: Data are expressed as mean +/- standard error of the mean (S.E.M). The 

influence of ammonia on torpor bout length was analyzed by ANOVA followed by post hoc Tukey. The 

influence of ammonia on BAT temperature and time to arousal were analyzed using two-tailed t-tests. 

Metabolomic analysis employed t-tests with FDR correction using Benjamini-Hochberg procedures 

(p<0.05) and repeated ANOVA with LDS correction. Data was processed with SPSS (version 25, IBM SPSS 

Statistics, Armornk, NY) and MetaboAnalyst 4.0.[28, 29] Graphs were generated using GraphPad Prism 

(version 8, GraphPad Software Inc., La Jolla, CA) and the heat map was generated using MetaboAnalyst 

4.0.

2.4 Results:

2.4.1 Nitrogenous amino acids increase over torpor

Plasma glutamine, glutamate and alanine accumulate over torpor (Fig. 1, n=9, p<0.001 glutamine, 

p=0.034 glutamate, p<0.001 alanine, one-way, repeated measures ANOVA) as previously reported.[20]
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2.4.2 Ammonium Acetate induces arousal from torpor, but does not mimic natural arousal

To ask if nitrogen load contributes to the signal to arouse, we infused AGS with ammonium acetate (30 

mg/kg/hr, 6 mg/kg/hr) and sodium acetate (6 mg/kg/hr, 30 mg/kg/hr) and saline as controls. We found 

that the high dose of ammonium acetate caused AGS to arouse from torpor while the lower dose of 

ammonium acetate failed to induce arousal or shorten torpor bout length (Fig. 2, one-way ANOVA, 

p=0.003). Although ammonium acetate induced arousal, we observed that the rate of rewarming was 

slower than natural arousal from torpor. During natural arousal Tb increased from 4oC to 35oC within 2

3hr while ammonium acetate arousal takes approximately 7-8 hours (Fig. 3a, p<0.001, paired t-tests).

During natural arousal the increase in body temperature over time is described by an S-shaped curve. By 

contrast, following ammonium acetate, body temperature changes in a more linear manner (Fig. 3b).

2.4.3 Ammonium acetate lacks natural arousal metabolomic profile

Arousal from torpor is extremely energy intensive and has a distinct and dynamic metabolomic 

profile.[4, 30] We next investigated how the metabolomic profile of ammonium acetate (AA) induced 

arousal from the previous experiment compared to natural arousal. Hierarchical clustering of significant 

metabolites was done at two distinct core body temperatures of early arousal (2-3oC, Fig. 4a) during the 

half-way point of the 12 hr, 30 mg/kg/hr ammonium acetate infusion and at full arousal (34-38oC, Fig. 

4b), the day directly after the infusion. Results show that the metabolic fingerprint of natural arousal 

(untreated) is different during 12 hr AA-induced arousal (Fig. 4a). Early natural arousal is high in 

metabolites that we and others have shown to accumulate naturally over torpor.[4, 5, 20]

In early arousal, when core body temperatures were 2.5oC, metabolites such as glutamine, alanine, 

xanthine, hypoxanthine, creatinine and trans-4-hydroxy-L-proline were significantly higher in natural 

arousal AGS compared to ammonium acetate induced arousal AGS (Fig. 4, p<0.05, FDR corrected t- 

tests). By contrast, metabolites that are naturally depleted in late torpor and early arousal, such as 
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methionine and glucose, were higher in ammonium acetate induced early arousal AGS (Fig. 4a, p<0.05, 

FDR corrected t-tests). TCA intermediates such as succinate and citrate that are high during natural early 

arousal remain low during AA-induced early arousal (Fig. 4a, p<0.05, FDR corrected, repeated ANOVA).

Once animals fully aroused (34-38oC), many major metabolite differences resolved (Fig. 4b and Supp.

Fig. 2). However, valine, palmitoleic acid, 5-oxoproline, lactate, malate and carnitine were all 

significantly higher in ammonium acetate induced AGS compared to natural arousal AGS (Fig. 4b, 

p<0.06, FDR corrected t-tests). Glutamine increased with a trend towards significance in ammonium 

acetate induced arousal AGS (Supplemental Fig. 2, p=0.051, FDR corrected t-test). trans-4-Hydroxy-L- 

proline, indole 3-acetaldehyde, and kynurenine were higher in natural arousal compared to AA-induced 

arousal (Fig. 4b p<0.05, FDR corrected t-tests).

2.4.4 High ammonium acetate dose impairs brown adipose tissue thermogenesis

Given that BAT is a major source of heat production during arousal,[15, 31] we asked how nitrogen load 

influences BAT thermogenesis. We found that increased nitrogen load depresses axillary BAT 

temperature during arousal from torpor. BAT temperatures in AGS infused with an IV bolus of 360 

mg/kg of ammonium acetate were lower than AGS infused with an IV bolus of 72 mg/kg of ammonium 

acetate during arousal from torpor (Fig. 5, p=0.025, t-test, n=5-6).

2.5 Discussion

Here we show that high doses of ammonium acetate induce arousal from torpor, though such process 

does not mimic an endogenous, natural arousal. Rather, ammonium acetate induced arousal may be a 

consequence of ammonia insult that does not initially reflect the metabolic profile, or engage the same 

temporal pattern, of natural arousal.
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We propose that while ammonia signals a mechanism in Arctic Ground Squirrels (AGS) to arouse, high 

levels of ammonia depress BAT thermogenesis in a dose-dependent fashion, leading to an abnormally 

slow arousal. Whether arousal is induced by compromised BAT function or if nitrogen induced arousal is 

then compromised by a toxic ammonia effect is unknown. BAT thermogenesis is fundamental to early 

arousal and is stimulated by norepinephrine binding β3-adrenergic receptors.[15, 31] The uncoupling of 

mitochondria by uncoupling protein 1 (UCP1) in BAT generates heat during arousal.[15, 32] Ammonia is 

directly toxic to α-ketoglutarate dehydrogenase and beta oxidation, which can directly influence 

oxidative phosphorylation, ATP production and depress uncoupled mitochondrial function.[33, 34] As 

mitochondria facilitate many metabolic pathways,[33] the fact that TCA cycle intermediates, such as 

succinate and citrate, were depressed in ammonium acetate AGS compared to natural arousal AGS also 

may indicate lack of mitochondrial function. While succinate is a primary biomarker of ischemia and 

stress,[35] our labs have previously shown that red blood cell (RBC) succinate is 100 times lower in 

naturally arousing AGS compared to plasma and RBC from rat models of trauma and hemorrhagic shock, 

indicating that succinate may not be a strong marker of stress in arousal.[26, 36] Further assays would 

be needed, however, to confirm ammonia toxicity on mitochondria in hibernation as a main culprit in 

these altered metabolic profiles. While a limitation of our study is lack of ammonia measurements, the 

clear influence on BAT temperature from ammonia acetate load points to a negative influence on BAT 

function.

AGS are well-documented for their resistance to multiple stressors, including multiorgan failure,[37] 

hypoxia,[38] neurectomy,[39] and extreme challenge to animals' core body and brain temperatures.[40] 

Through hibernation brains and organs are protected against injury.[38, 41, 42] Free ammonia, while 

generated from normal protein degradation as well as the microbiome, is also a neurotoxin.[24, 33] In 

the body ammonia is detoxified by the liver and extrahepatic tissues, such as the kidney, mainly by 

conversion to urea via the urea cycle or by incorporation into glutamine via glutamine synthetase 
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(GS).[24] In the brain ammonia is predominately detoxified in astrocytes to glutamine.[24] In normal 

mammalian physiology, large infusions of ammonia acetate typically lead to increases in circulating 

glutamine.[43, 44] Compared to natural arousal, the ammonium acetate infusion failed to initially 

increase plasma glutamine or other major nitrogenous amino acids when core body temperatures were 

still below 3oC and animals had received half of their infusion (approximately 180 mg/kg). Natural 

arousal animals showed the distinct metabolic phenotypes of late torpor in early arousal with an 

abundant buildup of waste products, such as purine catabolites and amino acids with nitrogenous side 

chains.[4, 5, 20] In contrast, ammonium acetate arousal was induced on the third day of the torpor bout 

and still reflected this early torpor metabolic phenotype. It was not until AGS were fully aroused that 

multiple metabolic differences resolved between the groups. While the natural arousal AGS started with 

an abundance of glutamine and other nitrogen-heavy amino acids, ammonium acetate-induced AGS 

required time and higher body temperatures to fully integrate the large dose of ammonium acetate. 

This is supported by our previous findings that AGS have the capacity to recycle free nitrogen into 

multiple amino acids during arousal, but some of these processes are temperature dependent and tissue 

specific.[20]

Many enzymes are reversibly phosphorylated in hibernation and suppressed in torpor.[45-47] 

Specifically, critical gate keeping enzymes for anaplerotic reactions such as glutamate dehydrogenase 

(GDH) appear suppressed in torpor.[47-49] Therefore, it is possible that the rate of reactions typically 

responsible for detoxifying free ammonia, catalyzed by enzymes such as GS, GDH and CPS1, may be too 

slow to effectively incorporate the large flux of high dose of ammonia when core body temperatures are 

still cold. Arousing to a state when enzymatic inhibition is reversed therefore has the direct benefit of 

facilitating ammonia detoxification. Therefore, arousing from torpor during a high dose of ammonium 

acetate infusion can be a protective mechanism. Additionally, kidneys only regain normal glomerular 

filtration rates (GFR) during arousal, thus processing a high load of ammonia would require full 
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arousal.[6, 50, 51] Taken together, this evidence undercuts a hypothesis that the ammonia-induced 

arousal mechanism is mediated through increasing specific metabolites.

Beyond the abnormal arousal, the question of how ammonium acetate signals arousal from torpor is still 

a question. Previous studies have found that blocking of N-methyl-D-aspartate glutamate receptors 

(NMDAR) induces arousal from torpor.[11, 12] It has been suggested torpor is actively maintained by 

continual stimulation of glutamatergic NMDAR and that an endogenous mechanism that inhibits this 

signaling naturally induces IBA.[11, 12] Given that the availability and utilization of glucose, a major 

carbon substrate for glutamate, are also very limited in torpor,[10, 52] some have proposed that a 

shifted glutamate/glutamine balance in signaling pools could influence NMDAR signaling and lead to 

IBA.[4, 11] Our previous work showing glutamate accumulates over torpor as well as glutamine,[20] and 

that initially ammonium acetate-induced animals do not metabolically resemble a natural arousal, 

undermine this hypothesis.

Given that noxious chemicals, specifically ammonia, can activate some transient receptor potential 

channels such as TRPV1 and TRPA1,[53, 54] TRPV1 could be a plausible candidate for mediating 

ammonium acetate induced arousal. TRP channels are fundamental in communicating nociception, 

noxious chemicals, mechanical sensing and thermoregulation and help regulate core body temperature 

and energy metabolism.[55] Studies have shown that although hibernators have reduced sensitivity in 

TRP channels, the TRPV1 is still ligand sensitive.[56, 57] Further, activation of TRPV1 induces 

hyperthermia and can activate BAT tissue in non-hibernating species.[55] Last, but not least, TRPV1 

mediates whole body metabolism and has also been shown to influence nutrient sensing mechanisms in 

the gut, making it a prime candidate for future investigations.[58]

One metabolite that increases in ammonium acetate induced arousal is carnitine. The carnitine shuttle is 

responsible for transporting longer fatty acids into the mitochondrial matrix and carnitine is known for 
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its therapeutic capacity for hyperammonemia.[59-62] Increases in free carnitine are often associated 

with carnitine palmitoyltransferase I (CPT1) deficiency;[63] the accumulation of carnitine and one of its 

parent compounds, methionine, in ammonium acetate AGS may signify inefficiency of CPT1 and/or the 

carnitine shuttle at large. Conversely, carnitine is also known to be therapeutic against 

hyperammonemia,[60, 61] potentially its elevation in ammonia-induced arousal is a protective response 

to the ammonia infusion. Other metabolic perturbations from ammonia, as well as alterations in renal 

GRF,[62] are also potential explanations for the carnitine increase.

In conclusion, while our data supports older findings that nitrogen load can induce arousal from 

torpor,[14] infusing free ammonia in large doses does not mimic a natural arousal. Another explanation 

is that animals arouse as a protective response to ammonia insult. This highlights the fact that while 

hibernators have the molecular machinery to deal with free nitrogen and reincorporate it into amino 

acids as we have previously shown,[20] the kinetics of these reactions may be too slow to effectively 

incorporate high levels of free nitrogen at cold temperatures. Future work should investigate if this 

arousal is initiated by an inhibition of BAT tissue or if ammonia induced arousal is slowed by toxic effect 

of ammonia on BAT function.
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Fig. 2.1: Nitrogen carrying amino acids (glutamine, alanine and glutamate) increase over torpor in plasma (*p<0.05, 
**p<0.05 vs 10-15 % posthoc LSD, n=9). Measurements are from individuals sampled over a single, undisturbed torpor bout. 
Data shown are mean ±SEM

79



c.

Infusion n Torpor Bout
Length (hr) SEM +/-

Ammonium Acetate (30 mg/kg/hr) 6 82.47* 30.94

Ammonium Acetate (6 mg/kg/hr) 4 269.30 24.56
Sodium Acetate 

(30 mg/kg/hr) 5 247.27 54.85

Sodium Acetate 
(6 mg/kg/hr) 5 281.50 23.01

Saline 10 267.30 31.72

Fig. 2.2: High dose of ammonium acetate (AA) (30 mg/kg/hr) induces arousal from torpor. a. Representative example of high 
dose ammonium acetate (AA) (30 mg/kg/hr), sodium acetate (SA) (30 mg/kg/hr) and saline 12 hr infusion influence on torpor 
bout length in AGS. b. Representative example of low dose AA (6 mg/kg/hr), SA (6 mg/kg/hr) and saline 12 hr infusion influence 
of torpor bout length (hr) in AGS. c. AA (30 mg/kg/hr) (n=6) infusion reduces length of torpor bout (*p<0.05 vs AA (6mg/kg/hr), 
SA and saline, ANOVA, post hoc Tukey, n=4-10).
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Fig. 2.3: Ammonium acetate induced arousal is slower than natural arousal. a. Natural arousal from torpor increases from 
4oC to 35oC significantly faster than ammonium acetate (30 mg/kg/hrfor 12 hr) induced arousal in the same AGS (**p<0.001, 
paired t-test, n=5). b. The increase in body temperature of natural arousal is described by an S-shaped curve while 
ammonium acetate induced arousal displays a more linear increase. Data shown are mean ±SEM. Time to Arouse is defined 
as the time it took an animal to increase its core body temperature from 4oC to 35oC. Sodium acetate and ammonium acetate 
(6 mg/kg/hr) not shown.
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a. Early Arousal (2-3oC)

b. Full Arousal (34-38oC)

Ammonium Acetate Arousal 
atural Arousal

Fig. 2.4: Hierarchical clustering shows 
distinct metabolic phenotypes between 
natural arousal vs. ammonium acetate 
induced arousal during early arousal, with 
many metabolites resolving their 
differences by full arousal. Plasma was 
sampled at core body temperatures a.(2- 
3oC) and b.(34-38oC) as animals rewarmed 
from torpor. Metabolite levels at each point 
were normalized to an early torpor sample 
point. Each heatmap includes metabolites 
that show a statistically significant 
difference between groups (p<0.05, FDR 
corrected t-test, n=5 natural arousal, n=4 
ammonium acetate induced arousal). Red 
indicates an increase and blue indicates a 
decrease in fold change. Plasma from 
ammonium acetate induced arousal AGS (30 
mg/kg/hr for 12 hr infusion) were sampled 
at the 6 hr mark of the infusion for the early 
arousal group (2-3oC) and the day after for 
the full arousal group (34-38oC). For a 
heatmap of all metabolites, see Supp. Fig 
2.2.
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Fig. 2.5: Increased nitrogen load decreases BAT temperature. BAT temperature is decreased in AGS following IV 
bolus of 360 mg/kg vs. 72 mg/kg ammonium acetate bolus (*p<0.025, t-test, n=5-6). Data shown are mean±SEM
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Supplemental Fig. 2.1: Core body 
temperature changes in individual animals 
during ammonium acetate (30 mg/kg/hr), 
sodium acetate (30 mg/kg/hr) and saline 
infusions. Ammonium acetate induced 
arousal from torpor compared to sodium 
acetate (30 mg/kg/hr) or saline.
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■ Ammonium Acetate Arousal 
Natural Arousal

Supplemental Fig. 2.2: Hierarchical clustering of plasma 
metabolomic data for natural arousal AGS (Tb 34-38oC) and 
ammonium acetate induced arousal AGS (Tb 34-38oC). 
Metabolite levels at each point were normalized to an early 
torpor sample point. The heatmap includes all measured 
metabolites that had no missing data points. Metabolites that 
significantly differed are listed in Figure 4b.
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Chapter 3: Omega 3 Fatty Acids Stimulate Thermogenesis During Torpor in the Arctic Ground Squirrel

3.1 Abstract:

Omega 3 PUFAs influence metabolism and thermogenesis in non-hibernators. How omega 3 PUFAs 

influence Arctic Ground Squirrels (AGS) during hibernation is unknown. Prior to hibernation we fed AGS 

chow composed of an omega 6:3 ratio approximately 1:1 (high in omega 3 PUFA, termed Balanced Diet), 

or an omega 6:3 ratio of 5:1 (Standard Rodent Chow), and measured the influence of diet on core body 

temperature (Tb), brown adipose tissue (BAT) mass, fatty acid profiles of BAT, white adipose tissue 

(WAT) and plasma as well as hypothalamic endocannabinoid and endocannabinoid-like bioactive fatty 

acid amides during hibernation.

Results show feeding a diet high in omega 3 PUFAs, with a more balanced omega 6:3 ratio, increases 

AGS Tb in torpor. We found the diet-induced increase in Tb during torpor is most easily explained by an 

increase in the mass of BAT deposits of Balanced Diet AGS. The increase in BAT mass is associated with 

elevated levels of metabolites DHA and EPA in tissue and plasma suggesting that these omega 3 PUFAs 

may play a role in thermogenesis during torpor. While we did not observe diet-induced change in 

endocannabinoids, we do report altered hypothalamic levels of some endocannabinoids, and 

endocannabinoid-like compounds, during hibernation.

Abbreviations: BD- Balanced Diet, SRC- Standard Rodent Chow, AGS- Arctic Ground Squirrel, BAT- Brown Adipose Tissue, WAT- 
White Adipose Tissue, Tb- core body temperature, IBA- interbout Arousal, 2-AG- Arachidonoylglycerol, AEA- Anandamide, NAEs 
- N-acylethanolamides, PUFA- polyunsaturated fatty acid-, FFA- free fatty acid, SFA- saturated fatty acid, DHA- Docosahexaenoic 
acid, EPA- Eicosapentaenoic acid, ARA- Arachidonic acid, ALA- Alpha Linolenic Acid, LA- Linoleic Acid

3In Press as Rice, SA; Mikes, M; Bibus, D; Berdyshev, E; Reisz, JA; Gehrke, S; Bronova, I; D'Alessandro, A; 
Drew, KL “Omega 3 Fatty Acids Stimulate Thermogenesis During Torpor in the Arctic Ground Squirrel” 
(In Press) Scientific Reports
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3.2 Introduction:

Hibernation is composed of periods of radically reduced whole body metabolism and core body 

temperature (Tb) that last for weeks (torpor bouts) which are regularly interrupted by interbout arousals 

(IBA) when metabolism and Tb briefly return to euthermic levels.[1, 2] AGS fuel the majority of their 

whole-body metabolism from fat stores through the hibernation season while fasting.[2, 3] It is well- 

documented that specific types of lipids can regulate hibernation; the omega 6 polyunsaturated fatty 

acid (PUFA) linoleic acid (LA) has been known for decades to influence Tb and duration of torpor bouts in 

multiple species.[4-10] Fewer studies have investigated omega 3 PUFAs with conflicting results showing 

feeding omega 3 PUFAs prior to hibernation 1.) inhibited hibernation in marmots[11] 2.) delayed 

seasonal hibernation onset in garden dormice[12] or 3.) had no influence on hibernation in ground 

squirrels.[7]

Recent studies in non-hibernating animals show stimulation of brown adipose tissue (BAT) and 

metabolism from omega 3 PUFAs.[13, 14] Omega 3 PUFA action on thermogenesis may arise from 

beiging of white adipose tissue (WAT), enhancement of mitochondrial respiration in BAT or modulating 

miRNAs through free fatty receptors.[13, 15-17] Thermogenesis, as well as hibernation, are also both 

regulated centrally in part by the preoptic area of the hypothalamus.[18-23] Our laboratory previously 

highlighted the role of the hypothalamus in increasing thermogenic capacity through the hypothalamic- 

pituitary-thyroid (HPT) axis in hibernation.[24] Endocannabinoid signaling also modulates thermogenesis 

through actions on the hypothalamus.[25] PUFAs are the parent compounds of multiple 

endocannabinoid and endocannabinoid-like molecules, known to modulate metabolism, thermogenesis, 

circannual rhythms, neurotransmission, the immune system and satiation.[26-34] Further, hypothalamic 

endocannabinoid levels are maintained in hibernation compared to summer in marmots.[35] Major 

endocannabinoids, such as 2-arachidonoylglycerol (2-AG) and anandamide (AEA), are derived from the 

omega 6 PUFA arachidonic acid, and other N-acylethanolamides (NAEs) are derived from multiple types 
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of other fatty acids, such as omega 3 PUFAs or saturated fatty acids.[36, 37] Some studies have found 

that altering PUFAs and other fats in feed can influence bioactive NAEs and endocannabinoid levels in 

the brain.[34, 36, 38]

Given omega 3 PUFAs are prominent in some free-ranging hibernator diets,[39, 40] we hypothesized 

omega 3 PUFAs influence hibernation. Specifically, we hypothesized that the Balanced Diet would 

increase thermogenesis and that hypothalamic bioactive endocannabinoids, such as 2-AG and AEA, are 

influenced by diet. To test this hypothesis, we fed either Balanced Diet (LabDiet, 9GU5, high in omega 3 

PUFAs) or a control diet, Standard Rodent Chow (Mazuri #5663, high in omega 6 PUFAs), to juvenile AGS 

after capture and quarantine in July until animals hibernated and recorded Tb through hibernation. We 

then measured hypothalamic NAEs, plasma, WAT and BAT fatty acids and BAT tissue mass during torpor 

and IBA in December. Our findings support a role for omega 3 PUFAs in increasing AGS Tb in torpor and 

BAT mass during hibernation.

3.3 Results:

3.3.1 Feeding a diet high in omega 3 PUFAs with a more balanced omega 6:3 ratio increased core body 

temperature in torpor

Previous work in non-hibernating mammals indicate omega 3 PUFAs can influence metabolism and 

thermogenesis,[15, 16] but hibernation studies have found conflicting evidence.[7, 11, 12] Therefore, 

the first goal was to measure the influence of omega 3 PUFAs on Arctic Ground Squirrels (AGS) core 

body temperature (Tb) during hibernation. Feeding the Balanced Diet, which is heavy in alpha-linolenic 

acid (ALA), increased Tb in torpid AGS (Table. 1a, p=0.020, t-test). Torpor bout length and Tb during 

interbout arousal were not influenced by diet (Table. 1a). Balanced Diet (Lab Diet 9GU5) composition 

predominately differed from Standard Rodent Chow (Mazuri, #5663) by increased ALA and decreased 

linoleic acid (LA) (Table. 1b).

89



3.3.2 Feeding a diet high in omega 3 PUFAs altered fatty acid composition of brown adipose tissue, white 

adipose tissue and plasma in hibernators

AGS fast and rely on fat stores during hibernation. We asked how feeding the Balanced Diet prior to 

hibernation influenced fatty acid content in hibernating fat deposits (visceral white adipose tissue, 

WAT), brown adipose tissue (BAT, a major thermogenic tissue) and plasma. Feeding the Balanced Diet 

significantly decreased the omega 6:3 ratio in BAT, WAT and plasma in hibernating animals during 

torpor and IBA compared to the Standard Rodent Chow (Fig. 1, p<0.05, two-tailed t-test).

Balanced Diet did not significantly alter total polyunsaturated fatty acids (PUFA), monounsaturated fatty 

acids (MUFA) or total free fatty acids (FFA) in AGS plasma compared to the control diet animals during 

the hibernation season (Fig. 2). Balanced Diet did, however, increase saturated fatty acids (SFA) in 

torpor compared to control AGS (Fig. 2, p<0.05, two-tailed t-test, FDR corrected).

3.3.3 Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) were elevated in Balanced Diet 

Plasma while omega 6 PUFAs were unchanged

As DHA and EPA activate thermogenic mechanisms in non-hibernators,[15, 16] we were interested in 

their presence in circulation and tissues during hibernation. AGS rely principally on fat stores during 

hibernation while fasting. In all tissues and plasma studied, feeding the Balanced Diet significantly 

increased DHA and EPA levels compared to the control diet (Fig. 3, two-tailed t-test, FDR corrected). 

While plasma alpha-linolenic acid (ALA) did not increase, Balanced Diet increased ALA in WAT and BAT 

(Fig. 3a, d, g, p<0.05, two-tailed t-test, FDR corrected). During the hibernation season (torpor and IBA) 

plasma DHA was more abundant than in the fall regardless of diet (Fig. 3c, p<0.05 one-way ANOVA, post 

hoc Tukey). DHA did not show the same seasonal increase in WAT (Fig. 3b) and fall samples were not 

available for BAT (Fig. 3g-i). BAT was the only tissue, however, where one of the omega-3 PUFAs (ALA) 
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decreased during IBA (Fig. 3g). In BAT, ALA was significantly less during IBA than during torpor (Fig. 3g, 

p<0.05, t-test, FDR corrected).

The Balanced Diet had a less consistent effect on plasma levels of omega 6 PUFAs than on levels of 

omega 3 PUFAs. In plasma, linoleic acid (LA), arachidonic acid (ARA) and docosapentaenoic acid (DPA 

ω6) did not differ between diets (Fig. 4 a-c). In WAT and BAT, Balanced Diet decreased LA regardless of 

season or phenotypic state (Fig. 4 d,g, p<0.05, two-tailed t-test, FDR corrected). In WAT, ARA also 

decreased in Balanced Diet, but only during torpor (Fig. 4e, p<0.05, two-tailed t-test, FDR corrected).

This decrease in ARA occurred despite a 10-fold higher amount of ARA in Balanced Diet chow compared 

to Standard Rodent Chow (Table 1b). BAT ARA and DPA ω6 did not differ between diets during 

hibernation (Fig. 4 h,i). By contrast, in WAT, Balanced Diet increased DPA ω6 during torpor (Fig. 4f, 

p<0.05, two-tailed t-test, FDR corrected).

3.3.4 Balanced Diet increased axillar brown adipose tissue deposits during hibernation

As omega 3 PUFAs have been shown to induce BAT adipogenesis,[15] we investigated if feeding omega 

3 PUFAs increased BAT mass during the hibernating season. AGS fed the Balanced Diet had significantly 

more BAT mass than AGS fed the Standard Rodent Chow when measured in December during 

hibernation tissue collection (Fig. 5, p=0.038, t-test).

3.3.5 Long chain PUFAs are produced during natural interbout arousal from torpor

We next asked how the energetically demanding process of arousal from torpor affected lipid plasma 

profiles. For this study, where we only had access to AGS fed Standard Rodent Chow, we found that long 

chain PUFAs increased during early interbout arousal (IBA) (Fig. 6). Early interbout arousal is 

characterized by high metabolic rate and BAT thermogenesis.[41, 42] Saturated, monounsaturated and 

polyunsaturated fatty acids all significantly increased during early arousal (when Tb is approximately 

2.5oC) (Fig. 6, p<0.05, ANOVA, post hoc Tukey, n=9). Downstream metabolites of the omega 6 and 3 
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cascade, such as DHA, EPA, dihomo-gamma-LA, DPA and ARA increased approximately 5-8-fold 

compared to late torpor and remained elevated as the animals' core body temperature rose to 4oC (Fig. 

6). Further, specific interbout arousal periods were separated into distinct metabolic phenotypes based 

on lipid profile, distinct from full interbout arousal as well as from torpor (Supp. Fig. 1a, partial least

squares discriminate analysis). Pathway enrichment analysis additionally supports that PUFA chain 

elongation and desaturation was significant during interbout arousal (Supp. Fig. 1b, p<0.0001, n=9).

3.3.6 Balanced Diet did not alter major hypothalamic endocannabinoids

The endocannabinoid system modulates metabolism, thermogenesis and circannual rhythms within the 

hypothalamus;[25, 33] endocannabinoids and bioactive NAEs derive from PUFAs and fatty acids.[26, 37] 

Given that previous studies have found dietary fats could sometimes alter brain NAE composition,[34, 

36] we next asked if an increase in omega 3 PUFAs through diet influenced hypothalamic 

endocannabinoid levels in hibernation. The majority of endocannabinoids and NAEs did not differ 

between the two diets in the hypothalamus during torpor, but some saturated NAEs did differ. During 

torpor 14:0 NAE (Supp. Table 1, p=0.008, two-tailed t-test, FDR corrected) was significantly higher in 

Balanced Diet fed AGS compared to Standard Rodent Chow fed AGS while 22:0 NAE was higher in 

Standard Rodent Chow than Balanced Diet (Supp. Table 1, p=0.008, two-tailed t-test, FDR corrected). 

Endocannabinoids 2-AG and AEA did not differ between the diets in torpor or IBA (Supp. Table 1 and 2).

As a follow-up, we examined the influence of season and physiological state on hypothalamic 

endocannabinoids and NAEs. Summer Standard Rodent Chow hypothalamic samples were compared to 

torpor and IBA time points. AEA, OEA and synaptamide were higher in summer than in either 

hibernation state (Table 2, p<0.05, one-way ANOVA, post hoc Tukey). PEA and 2-AG were increased in 

torpor compared to IBA (Table 2, p<0.05, one-way ANOVA, post hoc Tukey).
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3.4 Discussion:

Feeding increased omega 3 PUFAs prior to hibernation, with a more balanced omega 6:3 ratio, positively 

modulates thermogenesis in torpor when animals fast and live off fat stores. This effect could be 

mediated by increasing BAT mass accumulation and increasing DHA and EPA levels in plasma, WAT and 

BAT. The altered diet did not influence hypothalamic endocannabinoids during the hibernation season, 

as initially hypothesized, but did alter some saturated hypothalamic NAEs during torpor. Omega 3 PUFAs 

are prominent in free-ranging hibernator diets,[11, 39, 40] and we show are liberated during the major 

thermogenic and energetically costly[3] periods of hibernation (interbout arousal). Omega 3 PUFAs 

therefore may represent a dietary factor which could directly support critical thermogenic function 

during the hibernation season.

BAT adipogenesis, evidenced by the increase in axillary BAT mass in Balanced Diet AGS, may arise prior 

to or during hibernation. In non-hibernators omega 3 PUFAs enhance BAT adipogenesis via cAMP 

activation and upregulation of microRNAs.[15] Further, recent studies have found agonists of FFAR4, 

such as DHA, directly increase transcriptional programming for BAT adipogenesis in non-hibernating 

species.[15, 43, 44] As BAT is a major contributor of thermogenesis in hibernation we propose the 

higher levels of DHA in Balanced Diet AGS drives BAT adipogenesis resulting in the larger BAT deposits 

that likely contribute to the overall higher AGS Tb in torpor. As animals were kept at 2oC, increased Tb in 

torpor requires an increase in metabolism.

One of the most striking characteristics of Balanced Diet AGS plasma are high levels of DHA and EPA 

compared to Standard Rodent Chow fed AGS in torpor. We propose circulating DHA and EPA may also 

stimulate thermogenesis in Balanced Diet animals. Although other FFAs can also directly stimulate 

uncoupling protein 1 (UCP1) in BAT, no difference in total plasma FFA, PUFA or MUFA was found 

between the diet groups indicating thermogenic mechanisms did not depend on changes in total 
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concentration of FFA.[23] While multiple fatty acids have signaling properties, the 5-fold increase in 

plasma DHA in torpor stands in contrast to the lack of difference in plasma omega 6 cascade metabolites 

(LA, ARA, DPA ω6) or total PUFAs levels between the two diets. This suggests either lipolysis and release 

of DHA and EPA into circulation during hibernation in the Balanced Diet AGS or increased production of 

DHA and EPA through altered enzymatic activity of elongation and desaturation for the omega 3 

synthesis pathway in Balanced Diet AGS. Enhanced production of omega 3 long chain PUFAs is 

supported in other species as DHA in marmot cardiac and liver phospholipid membranes increases over 

the hibernation season.[40] Further, Arnold et al. (2011) hypothesized these omega 3 PUFAs may exert 

some thermogenic influence on timing of interbout arousal.[40]

DHA itself is also a powerful modulator of many signaling cascades.[45-47] Previous studies in non- 

hibernators have shown omega 3 PUFA intake (via DHA and EPA) increases mitochondrial respiration in 

BAT, the beiging of white adipose tissue (WAT) to thermogenically active tissue and increases whole 

body thermogenesis.[13, 15-17, 43, 48] Proposed mechanisms of action include stimulation of omega 3 

PUFA receptor FFAR4 (GPR120) or modulation of thermosensing channel TRPV1 with downstream 

activation of fibroblast growth factor-21 (FGF21).[13, 15, 44, 49] FFAR4 is a G-protein coupled receptor 

highly expressed in fat tissues.[49] When bound by omega 3 PUFAs, FFAR4 activates a Ca2+ signaling 

cascade that sensitizes insulin signaling and inhibits inflammation.[49-51] PUFAs, such as LA and DHA, 

are also known to bind and activate other free fatty acid receptors such as FFA1.[52] Former studies 

show treatment with mercaptoacetate, a deregulator of beta-oxidation and a known antagonist of FFA1 

(GPR40),[53] altered thermoregulation in hibernating ground squirrels.[54] Therefore, multiple fatty 

acid receptors could be targets of future investigations on signaling mechanisms for thermogenesis in 

hibernation.

A preference for the omega 3 synthesis pathway in the hibernation, as well as active metabolism of 

omega 3 PUFAs, may be indicated by seasonally high plasma DHA in both feed groups in torpor 
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compared to fall levels. In contrast, ω6 DPA decreases and ARA remains unchanged in torpor compared 

to fall in both diets. As the majority of the omega 3 PUFA source in Balanced Diet is ALA, the BAT ALA 

decrease in IBA compared to torpor potentially indicates consumption of the omega 3 PUFA. Non- 

hibernator BAT cells, but not WAT, have been shown to produce DHA.[55]

A preference for PUFA metabolism also appears during interbout arousal from torpor. Our data shows 

plasma PUFA metabolites increase up to 8-fold during natural early interbout arousal when the majority 

of thermogenesis is thought to be produced from BAT.[42, 56] While lipolysis is part of the endogenous 

arousal process and many free fatty acids are released in early interbout arousal, the increase in DHA, 

EPA, and ARA are significantly higher than their parent compounds or MUFAs or SFAs and remain 

elevated into the second phase of early interbout arousal. Curiously, bats were found to oxidize PUFAs 

significantly more than SFAs in hibernation, potentially supporting a more dynamic use of PUFAs in 

hibernation than previously considered.[57] The sustained increase in long chain PUFAs, such as DHA, 

could further be explained by the fact ALA β-oxidation kinetics are known to be faster than other fatty 

acids in mitochondria.[58]

A question our study raises is if free-ranging hibernators actively use omega 3 PUFAs as thermogenic 

mediators during the winter. Arnold et al. (2011) documented systemic omega 3 PUFA loss from tissue 

stores in free-ranging marmots over a hibernation season barring an accumulation of DHA in cardiac and 

liver phospholipids.[40] Theoretically, DHA and EPA production during natural interbout arousal may 

constitute part of a signaling mechanism to enhance thermogenesis or BAT mass. Given free-ranging 

hibernators consume omega 3 PUFAs, omega 3 stimulated BAT accumulation could additionally be 

beneficial for cold challenged, free-ranging animals. In the wild, AGS encounter ambient temperatures 

that dip as low as -19oC.[2] To defend a Tb greater than -3oC, they increase metabolism and 

thermogenesis.[59, 60] Cold challenge, known to increase metabolism, also activates FFAR4 in BAT, 
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indicating a linked mechanism to omega 3 thermogenesis.[15, 43, 44, 49, 61] Greater deposition of BAT 

could be a defense mechanism against this natural environmental challenge.[42, 62]

While we propose omega 3 PUFAs play a role in BAT accumulation and thermogenesis in hibernation, 

altered PUFA phospholipid membrane incorporation may also impact metabolism and 

thermoregulation.[63] Arnold et al. hypothesized phospholipid composition is specifically retained at a 

high omega 6:3 ratio for cardiac function at low temperature and to enhance sacro/endoplasmic 

reticulum Ca2+-ATPase (SERCA) function.[63-65] As we show in BAT, WAT and plasma, Balanced Diet 

lowered the omega 6:3 PUFA ratio by over half, suggesting a physiologically significant change we 

expect to be present in phospholipid membrane incorporation as well. Further work would need to 

discriminate the possible influence of Balanced Diet on phospholipid composition, free fatty acids in 

plasma and triglyceride composition.

Interestingly, our findings differed from some previous omega 3 hibernation studies.[7, 11, 12] One 

study found feeding higher ratios of omega 3 PUFAs than we employed caused marmots to maintain 

euthermic Tb and not hibernate throughout the entire hibernation season.[11] This suggests that there 

may be a concentration dependent influence of omega 3 PUFAs on hibernation. Further, two 

hibernation studies found no influence of omega 3 PUFAs on thermogenesis,[7, 12] suggesting there 

may be species specific reactions to omega 3 PUFA feeding as well. Further, while increased Tb is often 

associated with shorter torpor bouts,[10] our increase in Tb did not translate to shorter torpor bout 

lengths. While this could suggest there may be more efficiency in energy expenditure in Balanced Diet 

AGS, further studies are required. An alternative explanation could be that the increase in Tb was not 

extensive enough to influence torpor bout length duration. Secondly, because tissues were collected 

mid-December, it is possible influence on torpor bout length would appear later in the hibernation 

season. Our results correspond with Frank et al. (2004) who found feeding higher levels of omega 3 

PUFAs did not influence torpor bout length.[7]
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Our results did not support our hypothesis that Balanced Diet would influence hypothalamic 

endocannabinoid and bioactive NAE levels, but data does show seasonal trends in endocannabinoids 

with some differences in saturated NAEs between diets. PEA (16:0 NAE), a bioactive fatty acid amide 

that is close in structure to AEA, and 2-AG increased in torpor in AGS compared to IBA, but did not differ 

from summer, potentially representing a circannual rhythm between the hibernation phases. As 2-AG is 

thought to modulate metabolism and induce hypothermia,[32] an intriguing question is whether 

increased 2-AG in torpor has any physiologic effect, such as reduction in body temperature. Additionally, 

the relationship between torpid and IBA 2-AG levels is somewhat similar to certain fasting experiments 

which saw increased 2-AG during severe fasting and reduction of 2-AG with feeding.[31] PEA on the 

other hand is not known to directly activate CB1 or CB2, but has been shown to desensitize TRPV1, 

activate PPARα and PPARγ as well as have strong anti-inflammatory and analgesic activity.[28] The 

seasonal increase in PEA may represent a protective mechanism given its anti-inflammatory and 

analgesic properties. While a recent study documented no significant change in hypothalamic 

endocannabinoids in marmots between summer and hibernation, they did see significant decreases in 

endocannabinoids in other tissues.[35] In conjunction with our findings, a lack of depression in multiple 

hypothalamic endocannabinoids and NAEs between both our studies (excluding the decreases in AEA, 

OAE and synaptamide) is intriguing in that most metabolic functions are profoundly downregulated in 

torpor. Given the unique position the endocannabinoid system holds in metabolism, satiation, 

thermogenesis, synaptic plasticity and 2-AG and PEA's oscillation in hibernation, the physiologic role of 

endocannabinoids in hibernation beyond omega 3 dietary influence requires further study.

In conclusion, dietary omega 3 PUFAs, such as DHA and EPA, may play a beneficial role in increasing 

thermogenic capacity in hibernators. Increased BAT accumulation driven by dietary omega 3 PUFAs may 

represent a natural mechanism for AGS to increase BAT stores prior to and during hibernation.
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3.5 Methods:

3.5.1 Animal Trapping: Juvenile AGS were lived-trapped during July on the northern side of the Brooks 

Range in Alaska, forty miles south of Toolik Field Station (64°86'N, 147°84'W). AGS were transported to 

the University of Alaska Fairbanks under IACUC approved protocols and Alaska Fish and Game permits.

3.5.2 Husbandry: Captive AGS were housed individually in 30 cm x 48.3 cm x 30 cm stainless steel wire 

mesh hanging cages with cotton nests. Cages were hung over ammonia absorbing corn cob litter. AGS 

were housed at ambient temperature (Ta, 16-18oC) and 16L:8D hour light/dark cycle until August 15th, 

when they were moved to cold chambers with Ta of 2oC at a 4L:20D hour light/dark cycle. In mid-July, 

animals were offered 47 g daily of either Standard Rodent Chow (#5663, Mazuri, PMI Nutrition 

International, Richmond, IN) or Balanced Diet (9GU5, formulated with Lab Diet, St. Louis, MO) and were 

provided water ad litbitum during the euthermic period (Table 1b). Once animals began hibernating, 

food was withdrawn. At this time animals were placed in polycarbonate cages (21.6 cm x 43.2 cm x 21.6 

cm) with shavings, cotton bedding and gel hydration packets. The majority of AGS entered hibernation 

in September. Feed groups were evenly staggered on racks to ensure micro-climates in the cold 

chamber did not confound effects of diet on core body temperature (Tb). Care was taken to minimize all 

disturbances in the hibernation chamber during the hibernation season and access was restricted to 

research and veterinary staff per University of Alaska Fairbanks Institutional Animal Care and use 

Committee (IACUC) approved protocols.

3.5.3 Diet: Both diets were stored at -4oC. The contents of the Balanced diet (9GU5, formulated by Lab 

Diet, St. Louis, MO) provided by the manufacturer were 23.4% protein, 6.5% fat, 6% ash, 3.3% fiber. The 

contents of the Standard Rodent Chow (#5663, Mazuri, PMI Nutrition International, Richmond, IN) 

provided by the manufacturer were 23% protein, 6.5% fat, 4.5% fiber, 6.5% ash. Basic fatty acid 

composition, determined by GC as described below, of both diets is provided (Table 1b).
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3.5.4 Animals: All procedures were performed and approved in accordance with University of Alaska 

Fairbanks Institutional Animal Care and use Committee and the Guide for Care and Use of Laboratory 

Animals (Eighth edition). Each dietary group had 6 juvenile males and 6 juvenile females. One animal 

died in the fall for reasons unrelated to diet. All animals remaining hibernated through the winter.

3.5.5 Surgery: During the pre-hibernation feed period, waxed and sterilized I-button temperature 

loggers (DS1922L-F5 temperature accuracy from -10 to +65oC, resolution ±0.5oC, Maxim Integrated, San 

Jose, CA) were implanted in the abdominal cavity using sterile technique as previously described.[66] 

Loggers were recovered after tissue collection in winter and temperature data were downloaded. I- 

button sampling rate was every 30 minutes throughout the hibernation season.

3.5.6 Blood and Tissue Collection: During the hibernation season, the “shavings added” method was 

employed to track torpor bout length.[66] On the first day of torpor when respirations were below 5 

breaths per minute and the animal was inactive and showed a curled posture, shavings were placed onto 

the animals' back. When animals arouse during IBA, shavings are disturbed. Using this method to identify 

when animals were hibernating, we monitored the length of torpor bouts. Animals were checked daily 

through the entire hibernation season. Torpor bout length and hibernation parameters were verified by 

I-button temperature data after euthanasia. Tissues were collected mid-December during three distinct 

physiological states of the hibernation torpor bout: Early torpor (defined as 10-25% of torpor bout length 

based on the average of the previous two torpor bouts, n=7), late torpor (defined as 89-100% of torpor 

bout length based on the average of the previous two torpor bouts, n=8) and IBA (core body temperature, 

(Tb) above 33oC, n=8). All torpid animals were euthanized between 9-11 am. Interbout arousal was 

induced by handling at 9 am, IBA tissues were collected at 1 pm.

To compare mass of BAT between animals we needed to collect all BAT tissue within the same seasonal 

time frame (mid-December). For this reason, we chose to induce arousal by brief, gentle, handling. 
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Arousal induced by handling induces thermogenesis faster than natural arousal, but total thermogenesis 

is expected to be similar between handling-induced and natural arousal. For this reason, we do not think 

that handling animals to induce arousal confounds our interpretation of results.

Prior to tissue collection, euthermic animals were anesthetized with isoflurane (5% mixed with medical 

grade oxygen and delivered at 1.5L/min) to achieve a surgical plane of anesthesia. Blood was sampled by 

cardiac puncture within 3 minutes after removing AGS from the home cage and a rectal thermometer was 

placed in the AGS. Animals (n=23) were immediately decapitated after blood collection and tissues were 

dissected, wrapped in foil and placed immediately on dry ice. Brown adipose tissue (BAT) axillary deposits 

were easily dissected from surrounding tissue and weighed. Visceral white adipose tissue (WAT) was 

sampled from the abdominal cavity without difficulty. Fall plasma and visceral WAT were opportunistically 

sampled in August during surgery (approximately 3 weeks into the start of the feed trial), but BAT was not 

sampled in fall to reduce stress on the animals. Summer hypothalamus measurements for 

endocannabinoids came from a separate group of AGS fed Standard Rodent Chow Diet.

3.5.7 Hibernation Physiology: Tb was monitored to assess the impact of diet on hibernation. AGS Tb in 

torpor was reported as the average Tb during torpor, defined as a Tb less than 4oC after animals had their 

first two torpor bouts. AGS Tb in interbout arousal was reported as the average Tb after animals had their 

first two torpor bouts when animal's Tb was over 34oC. AGS torpor bout length was reported as hours 

from entrance to torpor to exit from torpor when animal's Tb was below 5oC. Torpor bouts last 

approximately 14-21 days after the first initial torpor bouts. Torpor is interrupted by interbout arousal 

periods (IBA) that last approximately 24 hours (Fig. 2d).

3.5.8 Lipid Fatty Acid Analysis: 100 μl of plasma was thawed and decanted into a screw top test tube. 

100μg of free nonadecanoic acid (19:0) was added as an internal fatty acid standard (odd chain fatty 

acids are found in low abundance in non-rumen animals). Plasma lipids were then converted to fatty 
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acid methyl esters with the addition of sulfuric acid in methanol and heated for 60 minutes at 100°C.[67] 

Fatty acid methyl esters were extracted from sample tubes with the addition of water and distilled 

petroleum ether (mixed hexanes). The resulting non-polar ether phase was decanted and dried down 

under a gentle stream of nitrogen at ambient temperature.

Dried samples were immediately reconstituted with 100 μl of petroleum ether and decanted to a 

sample vial. Fatty acid methyl esters were then analyzed with a Shimadzu gas chromatograph (GC) 

model 2010. Samples were injected in split mode into a Restek (Bellefonte, PA) FAMEWAX 30m column. 

The GC was programmed from 160-220°C and detection conducted with flame ionization detection 

(FID). White adipose tissues were processed as described above with additional vortexing. For chow 

analysis, chow was homogenized with a standard coffee grinder into a fine particulate. The fatty acid 

and fat content of chow were determined as detailed above. Chromatograms and data were reviewed 

and calculated with Shimadzu Class VP software. Data are expressed as μg fatty acid per ml of plasma or 

mg of tissue (wet weight).

3.5.9 NAE and Endocannabinoid Hypothalamic Analysis: Hypothalamus (5-10 mg excision) samples were 

subjected to Bligh and Dyer lipid extraction[67] using Barocycler 2320EXT apparatus (Pressure 

Biosciences, Inc., Medford, MA), Teflon tubes with 0.15 ml with microcaps, and cycling pressure mode. 

Tubes were filled with 0.15 ml methanol/chloroform/0.9%KCl (2:1:0.5, v/v) and subjected to 30 pressure 

cycles of extraction (20 sec at 35,000 psi then 20 sec at 0 psi) at 4°C. After pressure-assisted extraction, 

extracts were transferred into 8-ml glass screw-capped tubes with methanol, chloroform, and 0.9%KCl to 

produce a total of 2 ml methanol, 1 ml chloroform, and 0.5 ml 0.9%KCl. At this step, 20 pmol d5-2AG, 20 

pmol d4-anandamide (both from Cayman Chemicals, Ann Arbor, MI) and 20 ng d4-NAE internal standard 

mix (made by transamination of a mixture of triglycerides and d4-ethanolamine (130°C x 4h) with 

subsequent d4-NAE precipitation from acetone and calibration by gas chromatography) were added. 

Extraction was finalized by the addition of 1 ml chloroform, 1.3 ml 0.9%KCl, vortexing and centrifugation 
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(2000 g x 15 min). Chloroform phase was collected, evaporated by the stream of nitrogen, and re-dissolved 

in exactly 1 ml volume of methanol/chloroform (9:1, v/v). Extract aliquots (0.01 ml) were taken and total 

lipid phosphorus content was measured as described.[68] At the end, extracts were evaporated again, re

dissolved in 0.15 ml methanol and transferred into injection vials for NAE-2AG analysis by liquid 

chromatography electrospray ionization tandem mass spectrometry (LC-MS/MS).

LC-MS/MS of NAE and 2-AG was performed using AB Sciex 6500QTRAP mass spectrometer coupled with 

Shimadzu Nexera X2 UHPLC system. NAE and 2-AG were resolved on Ascentis Express RP-Amide 2.7 μm 

2.1 × 50 mm column using gradient elution from methanol/water/formic acid (65:35:0.5, 5mM 

ammonium formate) to methanol/chloroform/water/formic acid (90:10:0.5:0.5, 5 mM ammonium 

formate). NAEs were detected in a positive ions mode as a transition from corresponding molecular ions 

to m/z 62 (natural NAEs) or m/z 66 (d4-NAE); 2-AG was detected in positive ions mode as a transition from 

m/z 379 to m/z 287, and d5-2AG was detected as a transition from m/z 384 to m/z 287. Each analyte was 

detected based on principles previously described[69, 70] and quantified using isotope dilution approach 

and normalized per total sample lipid phosphorus content.

3.5.10 Undisturbed Sampling of Plasma During Natural Interbout Arousal: Another set of AGS were 

instrumented with chronic femoral arterial and venous cannulas (3 Fr cannula, Instech Laboratories Inc, 

Plymouth Meeting, PA, USA) and either TA-F40 or CTA-F40 core body temperature (Tb) loggers implanted 

in the abdominal cavity (Data Sciences International, St. Paul, MN, USA, calibrated to 0, 35 and 39oC, 

resolution ±0.01oC) in July and August as described previously.[41] Tb was recorded throughout the 

hibernation season at intervals of every 10 minutes. Cannulas were maintained with a heparin/glycerol 

locking solution (1:1). These animals were solely used for undisturbed sampling of plasma during natural 

IBA from torpor and were fed Standard Rodent Chow (n=9). Blood was sampled during a torpor bout and 

through a natural IBA without disturbing AGS (female n=5, male n=4). Blood sampled at four time points 

of natural interbout arousal: Early arousal (Tb 2.5oC), early arousal (Tb 4oC), mid arousal (Tb 16oC) and full 
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arousal (Tb 35oC). To delineate early lipolysis fueling interbout arousal we sampled two early arousal time 

points.

3.5.11 Ultrahigh-performance liquid chromatograph mass spectrometry (UHPLC-MS) Analysis:

Plasma samples (20 μl) were extracted using ice cold methanol:acetonitrile:water (5:3:2) at 1:25 dilution 

as previously described.[71] Extracts were analyzed on a Thermo Vanquish ultra-high performance liquid 

chromatograph (UHPLC) coupled online to a Thermo Q Exactive mass spectrometer using a 5 min C18 

gradient method in positive and negative modes as described previously.[72, 73] Peak picking and 

metabolite assignment were performed using Maven (Princeton University) against the KEGG 

database,[74-76] confirmed against chemical formula determination from isotopic patterns and accurate 

mass, and validated against experimental retention times for >650 standard compounds (Sigma Aldrich;

MLSMS, IROATech, Bolton, MA, USA).[77]

3.5.12 Statistical Analysis: Results were analyzed using SPSS statistical package (IBM, v. 25) and 

MetaboAnalyst 4.0. Data are shown as mean ± standard error of the means (SEM). Data were checked for 

normal distribution. Two-tailed t-test results that violated Levene's test for equality of variances were 

reported with equal variances not assumed. T-tests were reported with false discovery rate (FDR) 

correction (p<0.05) based on the Benjamini-Hochberg procedure. ANOVAs were reported with post hoc 

Tukey correction. Late torpor and early torpor samples were combined because fatty acid and 

endocannabinoid levels did not significantly differ between early and late torpor (t-test with FDR 

correction). Pathway enrichment analysis and PLS-DA were performed using MetaboAnalysist 4.0.[78, 79]
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a.
Balanced Diet ω 6:3 Standard Rodent Chow

Core Body Temperature (oC) during Torpor 3.3 (±0.1)*, n=9 2.8 (±0.1), n=8

Core Body Temperature (oC) during Arousal 35.6 (±0.1), n=9 35.5 (±0.1), n=8

First Torpor Bout Length (hrs) 136.2 (±20.4) n=9 172.1 (±29.0) n=8

Second Torpor Bout Length (hrs) 237.7 (±14.5) n=9 237.4 (±24.8) n=8

Third Torpor Bout Length (hrs) 315.8 (±18.4) n=9 303.6 (±28.6) n=8

Fourth Torpor Bout Length (hrs) 351.7 (±15.6) n=9 370.6 (±26.7) n=7

Fifth Torpor Bout Length (hrs) 375.8 (±19.5) n=8 388.3 (±23.6) n=7

b.

Table 3.1. Balanced Diet increases core body temperature in torpid AGS. a. Hibernating core body temperature is 
significantly higher in Balanced Diet fed AGS (*p=0.038, t-test, n=8-9), but diet did not influence arousal core body 
temperature or torpor bout length. Data shown are mean ± SEM b. Fatty acid composition of Balanced Diet (Lab Diet, 
9GU5) and Standard Rodent Chow (Mazuri, #5663). Data shown are percent of total fatty acid, except total fat and 
total PUFA are mg/100g chow. Full fatty acid composition is listed in Supplemental Table 3.7.

Percent Total Fatty Acid
Balanced Diet ω 6:3 Standard Rodent Chow

Palmitic Acid (16:0) 13.99 12.49

Palmitoleic Acid (16:1ω7) 1.19 0.24

Stearic Acid (18:0) 4.89 3.44
Oleic Acid (18:1ω9) 24.67 20.96

Linoleic Acid (18:2ω6) 29.58 50.50

Alpha Linolenic Acid (18:3ω3) 19.81 10.04

Arachidonic Acid (20:4ω6) 0.20 0.02

EPA (20:5ω3) 0.69 0.04
DHA (22:6ω3) 0.96 0.11

Tot.ω3 21.81 10.24
Tot.ω6 30.09 50.67
Tot.ω9 24.77 21.01

Ratio ω6/ω3 1.38 4.95
Concentration (mg/100g chow)

Total Fat 7326.34 7484.87
Total PUFA 3620.8 4342.3
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Figure 3.1. Omega 6:3 ratio is lower in plasma, WAT and BAT of Balanced Diet AGS
a. Plasma,**p<0.001, two tailed t-test, fall n=9, torpor n=7-8, IBA n=4. b. WAT, **p<0.001, two-tailed t-test, fall n=11-12, 
torpor n=7-8, IBA n=4. c. BAT, **p<0.001, two tailed t-test, torpor n=7-8, IBA n=4. d.An example of time points when AGS 
were sampled over the hibernation season. Data shown are mean ±SEM. Black dots are individual data points.
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Figure 3.2. In plasma, Balanced Diet does not increase Total PUFAs (a), MUFAs (c) or Free Fatty Acids (d). Balanced Diet does 
increase saturated fatty acids during torpor (b). *p<0.05, two-tailed t-test, FDR corrected. Data shown are mean ±SEM. Black 
dots are individual data points. Fall n=9, Torpor n=7-8, IBA n=4 per diet.
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Figure 3.3. Feeding Balanced Diet leads to high omega 3 PUFAs in plasma and adipose tissue. a. Plasma DHA and EPA are 
increased in Balanced Diet (BD) at all time points compared to Standard Rodent Chow (SRC) (*p<0.05, ** p<0.001, t-test, FDR 
corrected, fall n=9, torpor n=7-8, IBA n=4). Seasonal comparisons within the same diet found DHA was highest in torpor and IBA 
(post hoc Tukey, letters (a or b) within a given d2iet signify differences between phenotypic states within that diet). b. WAT ALA, 
EPA and DHA are significantly increased in BD AGS compared to SRC AGS in all time points (*p<0.05, ** p<0.001, t-test, FDR 
corrected, fall n=11-12, torpor= 7-8, IBA=4). c. BAT ALA, EPA and DHA are significantly higher in BD AGS compared to SRC AGS in 
torpor and IBA (*p<0.05, ** p<0.001, t-test, FDR corrected, torpor= 7-8, IBA=4). Comparisons between torpor and IBA within the 
same diet found ALA decreased in IBA compare0d to torpor (t-test, FDR corrected, letters (a or b) within a given diet signify 
differences between phenotypic states within that diet). Fall BAT was not sampled. Data shown are mean ±SEM. Black dots are 
individual data points.
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Figure 3.4. Balanced Diet does not influence omega 6 PUFAs in plasma, but diet influences LA in WAT and BAT a. Plasma LA, 
ARA and DPAw3 does not differ between Balanced Diet (BD) AGS in all time points compared to Standard Rodent Chow (SRC) 
AGS (t-test, FDR corrected, fall n=9, torpor n=7-8, IBA n=4). Seasonal comparison within the same diet found plasma LA 
increases in torpor compared to fall BD AGS whi2le DPAw6 decreases in torpor and IBA compared to fall in both diets (post hoc 
Tukey, letters (a or b) signify difference between season within the same diet group) b. WAT LA is increased in SRC AGS 
compared to BD AGS in fall, torpor and IBA, while ARA is increased in torpid SRC animals and DPAw6 is increased in BD AGS in 
torpor (*p<0.05, **p<0.001, t-test, FDR corrected, fall n=11-12, torpor= 7-8, IBA=4). Seasonal comparison within the same diet 
found WAT LA decreases in torpor compared to0fall BD AGS (post hoc Tukey, letters (a or b) signify difference between season 
within the same diet group) c. BAT LA is significantly higher in SRC AGS compared to BD AGS in torpor and IBA (*p<0.05, ** 
p<0.001, t-test, FDR corrected, torpor= 7-8, IBA=4). Data shown are mean ±SEM. Black dots are individual data points.
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Figure 3.5. Brown Adipose Tissue (BAT) is increased in Balanced Diet AGS (*p=0.038, n=11 
Standard Rodent Chow, n=12 Balanced Diet, t-test). BAT mass (g) was sampled during the 
hibernation season in December. Data shown are mean ±SEM. Black dots are individual data 
points.
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Figure 3.6. Plasma metabolomic analysis during natural arousal from torpor shows spike of PUFA metabolites during early 
arousal. Plasma Fatty Acids and PUFAs increase significantly during early natural arousal from torpor. Data shown are relative 
abundance normalized to plasma sample collected at entrance into torpor at a Tb of 11-12°C. The x-axis are phases of 
rewarming in natural arousal from torpor. (*p<0.05, **p<0.001 vs late torpor, post hoc Tukey, n=9). Measurements are from 
individual animals sampled over a single, undisturbed natural arousal fed Standard Rodent Chow. Blood was sampled at 
specific core body temperatures (Tb) during arousal ranging from early arousal (2.5oC) to full arousal (35oC). Data shown as 
mean ±SEM
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Seasonal Hypothalamic Fatty Acid Amides

Table 3.2. Seasonal changes in hypothalamic endocannabinoids and NAEs. Synaptamide, AEA and OAE decrease during 
the hibernation season (torpor and arousal vs. summer) (post hoc Tukey following ANOVA, p<0.05, n=8-15). PEA and 2-AG 
are both higher in torpor than arousal (post hoc Tukey following ANOVA, p<0.05, n=8-15). SRC summer measurements 
were compared to torpor and IBA. Torpor and IBA measurements combined Balanced Diet and Standard Rodent Chow

Bioactive Fatty
Acid Amide State N Mean (pmol/nmol 

lipid P) Std. Error P value 
vs. Torpor

P value 
Vs. Arousal

P value vs. 
Summer

14:0-NAE
Torpor 15 0.76 0.25 n/a 0.915 0.942

Aroused 8 0.62 0.24 0.915 n/a 0.798
Summer 8 0.88 0.17 0.942 0.798 n/a

16:1-NAE
Torpor 15 0.40 0.09 n/a 0.822 0.341

Aroused 8 0.33 0.03 0.822 n/a 0.197
Summer 8 0.58 0.11 0.341 0.197 n/a

PEA (16:0-NAE)
Torpor 15 9.99* 1.39 n/a 0.008 0.337

Aroused 8 4.11 0.60 0.008 n/a 0.256
Summer 8 7.41 0.90 0.337 0.256 n/a

linoleoylethanola
mide (18:2-NAE)

Torpor 15 1.23 1.10 n/a 0.775 0.994
Aroused 8 0.28 0.14 0.775 n/a 0.770
Summer 8 1.37 0.70 0.994 0.770 n/a

OEA(18:1-NAE)
Torpor 15 8.33 1.40 n/a 0.856 0.031

Aroused 8 7.32 0.67 0.856 n/a 0.023
Summer 8 13.40* 1.22 0.031 0.023 n/a

Stearoylethanola
mide (18:0-NAE)

Torpor 15 4.93 2.29 n/a 0.594 0.901
Aroused 8 2.16 0.57 0.594 n/a 0.882
Summer 8 3.70 0.79 0.901 0.882 n/a

AEA (20:4NAE)
Torpor 15 0.13 0.02 n/a 0.995 0.005

Aroused 8 0.13 0.02 0.995 n/a 0.017
Summer 8 0.22* 0.02 0.005 0.017 n/a

20:1-NAE
Torpor 15 0.24 0.04 n/a 0.604 0.538

Aroused 8 0.18 0.03 0.604 n/a 0.193
Summer 8 0.30 0.05 0.538 0.193 n/a

20:0-NAE
Torpor 15 0.43 0.08 n/a 0.459 0.739

Aroused 8 0.31 0.05 0.459 n/a 0.914
Summer 8 0.36 0.05 0.739 0.914 n/a

Synaptamide 
(22:6-NAE)

Torpor 15 0.04 0.01 n/a 0.939 0.001
Aroused 8 0.04 0.01 0.939 n/a 0.002
Summer 8 0.09* 0.01 0.001 0.002 n/a

22:1-NAE
Torpor 15 0.12 0.01 n/a 0.104 0.425

Aroused 8 0.08 0.02 0.104 n/a 0.740
Summer 8 0.10 0.01 0.425 0.740 n/a

22:0-NAE
Torpor 15 0.37 0.10 n/a 0.444 0.231

Aroused 8 0.55* 0.15 0.444 n/a 0.043
Summer 8 0.12 0.04 0.231 0.043 n/a

24:0-NAE
Torpor 15 0.13 0.02 n/a 0.975 0.836

Aroused 8 0.14 0.05 0.975 n/a 0.947
Summer 8 0.15 0.04 0.836 0.947 n/a

2-AG
Torpor 15 543.74* 72.54 n/a 0.037 0.468

Aroused 8 307.48 30.08 0.037 n/a 0.440
Summer 8 435.75 27.65 0.468 0.440 n/a
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a

b

Supplemental Figure 3.1. Plasma metabolomic analysis during natural arousal from torpor shows spike of PUFA metabolites 
during early arousal a. Results indicate metabolite clustering based on phase of arousal from torpor using partial least-squares- 
discriminant analysis (PLS-DA). PLS-DA is a multivariant classification method that distinguishes differences between groups (specific 
phases of arousal). The dots are weighted averages of variables which describe the differences between groups. Results show 
phases of arousal cluster into unique, distinct lipid groups. b. Biosynthesis of unsaturated fatty acids dominate pathway analysis of 
plasma lipid profiling of natural arousal (utilizing p values <0.05 from FDR corrected t-tests between early arousal 4oC and full 
arousal 35oC). Pathway enrichment analysis, utilizing lipids which significantly change over arousal, indicates biosynthesis of PUFAs 
the most significant lipid metabolic change during arousal from torpor (p<0.0001, n=9). The MetaboAnalyst visual representation of 
these significant changes come from combining significant p values from pathway enrichment analysis and pathway topology 
analysis. c. Measurements are from individual animals sampled over a single, undisturbed natural arousal fed Standard Rodent 
Chow. Blood was sampled at specific core body temperatures during arousal ranging from early arousal (2.5oC) to full arousal (35oC).
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Torpid Hypothalamic Fatty Acid Amides
Fatty Acid Amides Diet N

Mean
(pmol/nmollip 

idP)

Std. Error
Mean

P value (FDR
corrected)

14:0-NAE
Balanced Diet 8 1.42* 0.31

0.008*Standard Rodent
Chow 7 0.01 0.01

16:1-NAE
Balanced Diet 8 0.52 0.15

0.574Standard Rodent
Chow 7 0.28 0.03

PEA (16:0-NAE)
Balanced Diet 8 12.82 2.05

0.104Standard Rodent
Chow 7 6.75 0.86

linoleoylethanolam
ide (18:2-NAE)

Balanced Diet 8 2.22 2.05
0.602Standard Rodent

Chow 7 0.09 0.03

OEA (18:1-NAE)
Balanced Diet 8 9.78 2.51

0.576Standard Rodent
Chow 7 6.67 0.77

Stearoylethanolam 
ide (18:0-NAE)

Balanced Diet 8 7.68 4.17
0.576Standard Rodent

Chow 7 1.78 0.29

AEA (20:4NAE)
Balanced Diet 8 0.12 0.01

0.764Standard Rodent
Chow 7 0.13 0.04

20:1-NAE
Balanced Diet 8 0.26 0.07

0.749Standard Rodent
Chow 7 0.22 0.03

20:0-NAE
Balanced Diet 8 0.50 0.13

0.602Standard Rodent
Chow 7 0.36 0.06

Synaptamide
(22:6-NAE)

Balanced Diet 8 0.04 0.01
0.963Standard Rodent

Chow 7 0.05 0.01

22:1-NAE
Balanced Diet 8 0.12 0.02

0.749Standard Rodent
Chow 7 0.13 0.02

22:0-NAE
Balanced Diet 8 0.11* 0.04

0.008*Standard Rodent
Chow 7 0.66 0.13

24:0-NAE
Balanced Diet 8 0.10 0.02

0.576Standard Rodent
Chow 7 0.15 0.04

2-AG
Balanced Diet 8 509.78 30.30

0.749Standard 
Rodent Chow 7 582.55 156.90

Supplemental Table 3.1. Balanced Diet increases torpid hypothalamic 22:0 and 14:0 NAE the fatty acid amides, but does not 
influence bioactive NAEs and endocannabinoids compared to Standard Rodent Chow (two-tailed t-test, FDR corrected, n=7-8).
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Interbout Arousal Hypothalamic Fatty Acid Amides

Fatty Acid Amides Diet N Mean (pmol/nmol
lipid P)

Std. Error
Mean

P value (FDR
corrected)

14:0-NAE
Balanced Diet 4 1.15 0.30

0.185
Standard Rodent Chow 4 0.09 0.07

16:1-NAE
Balanced Diet 4 0.35 0.04

0.781
Standard Rodent Chow 4 0.31 0.04

PEA (16:0-NAE)
Balanced Diet 4 5.21 0.80

0.384
Standard Rodent Chow 4 3.01 0.49

linoleoylethanolam
ide (18:2-NAE)

Balanced Diet 4 0.16 0.11
0.781

Standard Rodent Chow 4 0.40 0.26

OEA (18:1-NAE)
Balanced Diet 4 7.70 1.02

0.781
Standard Rodent Chow 4 6.94 0.98

Stearoylethanolami 
de (18:0-NAE)

Balanced Diet 4 2.39 0.73
0.831

Standard Rodent Chow 4 1.93 0.97

AEA (20:4NAE)
Balanced Diet 4 0.12 0.03

0.781
Standard Rodent Chow 4 0.14 0.03

20:1-NAE
Balanced Diet 4 0.23 0.05

0.384
Standard Rodent Chow 4 0.14 0.03

20:0-NAE
Balanced Diet 4 0.40 0.08

0.384
Standard Rodent Chow 4 0.22 0.03

Synaptamide
(22:6-NAE)

Balanced Diet 4 0.03 0.02
0.674

Standard Rodent Chow 4 0.05 0.01

22:1-NAE
Balanced Diet 4 0.10 0.03

0.384
Standard Rodent Chow 4 0.05 0.01

22:0-NAE
Balanced Diet 4 0.60 0.22

0.854
Standard Rodent Chow 4 0.51 0.23

24:0-NAE
Balanced Diet 4 0.17 0.09

0.781
Standard Rodent Chow 4 0.10 0.04

2-AG
Balanced Diet 4 304.86 59.90

0.939
Standard Rodent Chow 4 310.09 25.09

Supplemental Table 3.2. Diet does not influence hypothalamic fatty acid amides or endocannabinoids during
interbout arousal (two-tailed t-test, n=7-8, FDR corrected).
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Plasma Early Torpor Fatty Acids

Fatty Acid Diet N Mean
(μg∕ml)

Std. Error
Mean

Linoleic Acid
(18:2ω6)

Balanced Diet 4 4208.85 892.98

Standard Rodent Chow 3 3164.77 109.92

Alpha Linolenic Acid 
(18:3ω3)

Balanced Diet 4 400.06 105.07

Standard Rodent Chow 3 148.92 25.81

Arachidonic Acid 
(20:4ω6)

Balanced Diet 4 485.06 20.95

Standard Rodent Chow 3 383.96 49.36

EPA (20:5ω3)
Balanced Diet 4 114.37 14.24

Standard Rodent Chow 3 8.00 0.90

DHA (22:6ω3)
Balanced Diet 4 581.25 73.45

Standard Rodent Chow 3 80.53 17.54

DPA ω6 (22:5 ω6)
Balanced Diet 4 12.65 1.83

Standard Rodent Chow 3 9.88 2.37

Plasma Late Torpor Fatty Acids

Fatty Acid Diet N Mean
(μg∕ml)

Std. Error 
Mean

Linoleic Acid
(18:2ω6)

Balanced Diet 4 3845.02 255.45

Standard Rodent Chow 4 3894.54 57.42

Alpha Linolenic Acid 
(18:3ω3)

Balanced Diet 4 210.20 39.19

Standard Rodent Chow 4 147.38 20.13

Arachidonic Acid 
(20:4ω6)

Balanced Diet 4 497.30 57.59

Standard Rodent Chow 4 488.27 31.33

EPA (20:5ω3)
Balanced Diet 4 113.13 23.23

Standard Rodent Chow 4 9.17 0.79

DHA (22:6ω3)
Balanced Diet 4 493.59 65.00

Standard Rodent Chow 4 112.40 12.01

DPA ω6 (22:5 ω6)
Balanced Diet 4 10.48 1.99

Standard Rodent Chow 4 15.77 1.05

Supplemental Table 3.3. Data show exact free fatty acid values in plasma in late torpor and early torpor
AGS. Values were not significantly different between late torpor and early torpor (FDR corrected t-test).
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WAT Early Torpor Fatty Acids

Fatty Acid Diet N Mean
(μg∕mg)

Std. Error
Mean

Linoleic Acid
(18:2ω6)

Balanced Diet 4 119,646 2075

Standard Rodent Chow 3 213451 11491

Alpha Linolenic
Acid (18:3ω3)

Balanced Diet 4 66347 2249

Standard Rodent Chow 3 40464 632

Arachidonic Acid 
(20:4ω6)

Balanced Diet 4 1128 61

Standard Rodent Chow 3 1201 48

EPA (20:5ω3)
Balanced Diet 4 1750 110

Standard Rodent Chow 3 282 27

DHA (22:6ω3)
Balanced Diet 4 3363 400

Standard Rodent Chow 3 322 54

DPA ω6 (22:5 ω6)
Balanced Diet 4 151 22

Standard Rodent Chow 3 70 13

WAT Late Torpor Fatty Acids

Fatty Acid Diet N Mean
(μg∕mg)

Std. Error
Mean

Linoleic Acid
(18:2ω6)

Balanced Diet 4 121248 2560

Standard Rodent Chow 4 212449 7844

Alpha Linolenic
Acid (18:3ω3)

Balanced Diet 4 65622 3098

Standard Rodent Chow 4 41530 1139

Arachidonic Acid 
(20:4ω6)

Balanced Diet 4 1115 59

Standard Rodent Chow 4 1571 95

EPA (20:5ω3)
Balanced Diet 4 1747 102

Standard Rodent Chow 4 369 26

DHA (22:6ω3)
Balanced Diet 4 3255 251

Standard Rodent Chow 4 426 132

DPA ω6 (22:5 ω6)
Balanced Diet 4 178 12

Standard Rodent Chow 4 73 4

Supplemental Table 3.4. Data show exact free fatty acid values in WAT tissue in late torpor
and early torpor AGS. Values were not significantly different between late torpor and early
torpor (FDR corrected t-test).
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BAT Early Torpor Fatty Acids

Fatty Acid Diet N Mean
(μg∕mg)

Std. Error 
Mean

Linoleic Acid
(18:2ω6)

Balanced Diet 4 188037 9249

Standard Rodent Chow 3 275240 16270

Alpha Linolenic
Acid (18:3ω3)

Balanced Diet 4 44919 2413

Standard Rodent Chow 3 29449 2455

Arachidonic Acid 
(20:4ω6)

Balanced Diet 4 11069 2812

Standard Rodent Chow 3 10741 2660

EPA (20:5ω3)
Balanced Diet 4 1963 411

Standard Rodent Chow 3 378 51

DHA (22:6ω3)
Balanced Diet 4 10204 2084

Standard Rodent Chow 3 2424 761

DPA ω6 (22:5 ω6)
Balanced Diet 4 329 53

Standard Rodent Chow 3 411 94

BAT Late Torpor Fatty Acids

Fatty Acid Diet N Mean 
(μg∕mg)

Std. Error 
Mean

Linoleic Acid
(18:2ω6)

Balanced Diet 4 179801 2897

Standard Rodent Chow 4 278031 9526

Alpha Linolenic
Acid (18:3ω3)

Balanced Diet 4 45503 1615

Standard Rodent Chow 4 28030 984

Arachidonic Acid 
(20:4ω6)

Balanced Diet 4 8605 1245

Standard Rodent Chow 4 12596 1538

EPA (20:5ω3)
Balanced Diet 4 2037 491

Standard Rodent Chow 4 492 20

DHA (22:6ω3)
Balanced Diet 4 8434 1181

Standard Rodent Chow 4 2845 235

DPA ω6 (22:5 ω6)
Balanced Diet 4 434 3

Standard Rodent Chow 4 557 73

Supplemental Table 3.5 Data show exact free fatty acid values in BAT tissue in late torpor
and early torpor AGS. Values were not significantly different between late torpor and
early torpor (FDR corrected t-test).
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Supplemental Table 3.6. P values for two-tailed t-tests of fatty acids (FDR corrected) comparing Balanced Diet (BD) to 
Standard Rodent Chow (SRC) for Fig. 1, Fig. 3 and Fig. 4.

Tissue State Comparison Metabolite
p value 

(FDR 
Corrected)

BAT Torpor BD vs. SRC w6∕w3 1.02E-07
BAT Torpor BD vs. SRC Linoleic Acid (182w6) 1.71E-06
BAT Torpor BD vs. SRC Alpha Linolenic Acid (183w3) 3.20E-06
BAT Torpor BD vs. SRC DHA (226w3) 0.000687
BAT Torpor BD vs. SRC EPA (205w3) 0.001093
BAT Torpor BD vs. SRC ArachidonicAcid (204w6) 0.42154
BAT Torpor BD vs. SRC DPA w6(225w6) 0.20025
BAT Arousal BD vs. SRC w6∕w3 0.000805
BAT Arousal BD vs. SRC Linoleic Acid (182w6) 0.001998
BAT Arousal BD vs. SRC Alpha Linolenic Acid (183w3) 0.002854
BAT Arousal BD vs. SRC Arachidonic Acid (204w6) 0.43768
BAT Arousal BD vs. SRC DHA (226w3) 0.025898
BAT Arousal BD vs. SRC DPA w6(225w6) 0.13869
BAT Arousal BD vs. SRC EPA (205w3) 0.002854

WAT Torpor BD vs. SRC w6w3 9.24E-13
WAT Torpor BD vs. SRC EPA (205w3) 2.67E-09
WAT Torpor BD vs. SRC Linoleic Acid (182w6) 6.28E-09
WAT Torpor BD vs. SRC Alpha Linolenic Acid (183w3) 7.63E-08
WAT Torpor BD vs. SRC DHA (226w3) 1.10E-07
WAT Torpor BD vs. SRC DPA w6(225w6) 7.51E-05
WAT Torpor BD vs. SRC Arachidonic Acid (204w6) 0.024533
WAT Arousal BD vs. SRC DHA (226w3) 4.74E-07
WAT Arousal BD vs. SRC EPA (205w3) 0.000674
WAT Arousal BD vs. SRC Alpha Linolenic Acid (183w3) 0.001988
WAT Arousal BD vs. SRC Linoleic Acid (182w6) 0.003411
WAT Arousal BD vs. SRC Arachidonic Acid (204w6) 0.24198
WAT Arousal BD vs. SRC w6w3 0.001456
WAT Arousal BD vs. SRC Arachidonic Acid (204w6) 0.24198

Plasma Torpor BD vs. SRC w6w3 1.00E-07
Plasma Torpor BD vs. SRC DHA (226w3) 1.98E-05
Plasma Torpor BD vs. SRC EPA (205w3) 2.49E-05
Plasma Torpor BD vs. SRC Alpha Linolenic Acid (183w3) 0.11531
Plasma Torpor BD vs. SRC ArachidonicAcid (204w6) 0.381
Plasma Torpor BD vs. SRC Linoleic Acid (182w6) 0.42336
Plasma Torpor BD vs. SRC DPA w6(225w6) 0.44594
Plasma Arousal BD vs. SRC w6w3 0.00221
Plasma Arousal BD vs. SRC DHA (226w3) 0.010501
Plasma Arousal BD vs. SRC EPA (205w3) 0.011532
Plasma Arousal BD vs. SRC Alpha Linolenic Acid (183w3) 0.17324
Plasma Arousal BD vs. SRC DPA w6(225w6) 0.27087
Plasma Arousal BD vs. SRC ArachidonicAcid (204w6) 0.39389
Plasma Arousal BD vs. SRC Linoleic Acid (182w6) 0.40118
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Fatty Acid
Balanced Diet 

Fatty Acid 
Percent

Standard Rodent 
Chow Fatty Acid 

Percent
10:0 0.00 0.00
12:0 0.05 0.03
14:0 0.75 0.11
14:1 0.02 0.00
15:0 0.01 0.01
15:1 0.00 0.00
16:0 13.99 12.49

16:1w5 0.00 0.00
16:1w7 1.19 0.24

18:0 4.89 3.44
18:1w9 24.67 20.96
18:1w7 0.00 0.00
18:1w5 0.00 0.00
18:2w6 29.58 50.50
18:3w6 0.03 0.02
18:3w3 19.81 10.04
18:4w3 0.09 0.03

20:0 0.28 0.28
20:1w7 0.01 0.00
20:1w9 0.44 0.27
20:2w6 0.16 0.06
20:3w9 0.01 0.00
20:3w6 0.03 0.01
20:4w6 0.20 0.02
20:3w3 0.05 0.01
20:4w3 0.07 0.01
20:5w3 0.69 0.04

22:0 0.24 0.35
22:1w9 0.03 0.03
22:4w6 0.04 0.04
22:5w6 0.04 0.00
22:5w3 0.13 0.00

24:0 0.03 0.01
22:6w3 0.96 0.11

24:1 0.04 0.02
other 1.44 0.87
sum 100.00 100.00

Supplemental Table 3.7. Fatty acid composition of Balanced Diet (Lab Diet, 9GU5) and Standard Rodent Chow 
(Mazuri, #5663). Data shown are percent of total fatty acid
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General Conclusions

Through this thesis we demonstrate, for the first time, the tightly controlled kinetics of deep torpor 

metabolite production in vivo and the metabolic pathways that support nitrogen recycling in 

hibernation. This thesis shows the metabolic pathways, which support free nitrogen recycling during 

arousal from torpor, rely on multiple tissues acting in synergy. We propose nitrogen originates from 

skeletal muscle protein breakdown and is recycled through transaminase reactions that involve 

interorgan cooperation. While nitrogen recycling has been suggested for decades as critical for 

hibernation, our findings of free nitrogen recycling into essential and non-essential amino acids may 

complement previously proposed urea recycling hypotheses.[1, 2] This thesis additionally shows that 

nitrogen load and fatty acids can influence thermogenesis in hibernation, with evidence highlighting a 

natural role of omega 3 fatty acids in increasing brown adipose tissue deposits in AGS and potentially 

helping drive the natural thermogenic process of arousal.

Metabolic activity in hibernation has been long been known to be tightly regulated and previous studies 

have found AGS sustain their metabolomic profiles when exposed to injury.[3-6] This metabolic 

cohesion and control, as well as the general resistance hibernators possess toward multiple injury 

models, indicate understanding metabolic pathway regulation holds valuable insights into the natural 

hibernator resilience and new potential therapeutic targets.
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Appendix A: NMDAR Antagonist and TRPA1 Agonist Infusions during Torpor

Previous studies have found blocking of N-methyl-D-aspartate glutamate receptors (NMDAR) induces 

arousal from torpor.[1, 2] It has been suggested torpor is actively maintained by continual stimulation of 

glutamatergic NMDAR and that an endogenous mechanism that inhibits this signaling naturally induces 

IBA.[1, 2] Given glucose, a major carbon substrate for glutamate, availability and utilization is also very 

limited in torpor,[3, 4] some have proposed that a shifted glutamate/glutamine balance in signaling 

pools could influence NMDAR signaling and lead to IBA.[1, 5] We further hypothesized that nitrogen 

load induce arousal may be mediated through NMDA receptors (NMDAR) by shifting metabolic pools 

away from glutamate and to glutamine.[1] To investigate if NMDAR antagonists or TRPA1 agonists could 

mimic an ammonium acetate induced arousal, we infused for AP-5 (5 mg/kg, a NMDAR antagonist), 

cinnamaldehyde (a TRPA1 agonist, 15 mg/kg) and saline in early torpor of Arctic Ground Squirrels (AGS). 

Tb was continuously measured.

Materials and Methods

Trapping and animals: Arctic Ground Squirrels (AGS, Urocitellus parryii) were trapped early July in the 

northern foothills of the Brooks Range, Alaska, 40 miles south of Toolik Field Station (68°38 N, 

149°38 W; elevation 809 m) and were transported to Fairbanks, Alaska under permit by the Alaska 

Department of Fish and Game.

Ethics Overview: All procedures were performed in accordance with University of Alaska Fairbanks 

Institutional Animal Care and use Committee (IACUC).

Husbandry: AGS were housed in ambient temperature (Ta) between 16-18oC at 16:8 hour light/dark 

cycle until August 15th, when they were moved to cold chambers with Ta of 2oC at a 4:20 hour light/dark 

cycle. Animals were fed Mazuri Rodent chow (#5663 Mazuri, PMI Nutrition International, Richmond, IN, 

USA) and provided water during the euthermic period. Animals were housed individually in 
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12”x19”x12” stainless steel wire mesh hanging cages with cotton nests over ammonia absorbing corn 

cob litter. Once animals exhibited robust hibernation behavior, food was withdrawn; animals were 

placed in polycarbonate cages (8.5”x17”x8.5”) with shavings, cotton bedding and gel hydration packets. 

Polycarbonate cages were placed on receivers linked to a data collection system for core body 

temperature (Data Sciences International, St. Paul, MN, USA).

Hibernation Physiology: Torpid Tb was monitored continuously through the hibernation season. Torpor 

bouts last approximately 14-21 days after the first initial torpor bouts. Torpor is interrupted by interbout 

arousal periods (IBA) that last approximately 24 hours. The first day of torpor is defined as the day animal 

Tb decreases below 4oC. All infusion experiments took place on the 3rd day of the torpor bout.

Surgery: AGS were instrumented with chronic femoral arterial and venous cannulas (3 Fr cannula, 

Instech Laboratories Inc, Plymouth Meeting, PA, USA) and either TA-F40 or CTA-F40 core body 

temperature loggers (Data Sciences International, St. Paul, MN, USA) in July and August. Cannulae 

patency was maintained with a heparin/glycerol locking solution (1:1).

Chemicals: Physiological saline solution (USP grade, Henry Schein, Dublin, OH 43017). Cinnamaldehyde 

(Sigma Aldrich St. Louis, MO 63103) AP-5 (Sigma Aldrich St. Louis, MO 63103). Compounds were 

dissolved in physiological sterile saline and sterilized through 0.2μm filters.

Pharmacological Influence on Thermogenesis in Hibernation, experimental design:

AGS were infused with AP-5 (5 mg/kg, an NMDAR antagonist), cinnamaldehyde (15 mg/kg, a TRPA1 

agonist) or saline at separate times during the hibernation season (n=8). AP-5 and saline infusions were 

blinded while cinnamaldehyde infusions were not due to distinct odor and appearance. Hibernators 

must show robust hibernation behavior and undergo at least two full torpor bouts before experiments 

begin and one full natural torpor bout must separate any experiment set. Hibernation is defined as the 
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time when core body temperature is below 4oC, the first day of torpor is defined when the animal 

reaches 4oC. On the first day and second of torpor, AGS cannulas are flushed with sterile saline to 

habituate animals to cannula handling. If flushing induces arousal on the first day of torpor, animals are 

excluded from the experiment. Experiments begin in the morning on the third day of torpor.

Results

NMDAR antagonists and TRPA1 agonists fail to induce arousal from torpor

NMDAR antagonist (5 mg/kg, AP-5) and TRPA1 agonist (15 mg/kg, cinnamaldehyde) infusions failed to 

induce arousal in torpor compared to saline controls (Fig.1, fisher's exact test, n=8).

Discussion

As NMDAR antagonists have been shown to induce arousal in previous studies,[1, 2] we originally 

hypothesized AA induced arousal may directly influence NMDA receptors or alter compartmentalized 

glutamate balance, the natural ligand of the receptors. In contrast to our expectations, our NMDAR 

antagonists failed to induce arousal. One potential explanation could be due to our use of i.v. infusions 

compared to prior studies using intraperitoneal (i.p.) injections. I.p. injections, even when animals are 

habituated to handling,[6] require extensive physical stimulation while i.v. injections via external 

pinpoint is minimally invasive. It is possible there is a synergy between physical handling and the 

NMDAR antagonists that help induce arousal. Another possible explanation could be that i.p. injections 

of NMDAR antagonists may have directly influenced a local set of receptors in the gut. NMDAR are 

ubiquitous throughout the peripheral nervous system and present in the gastrointestinal tract and 

viscera.[7] Intriguingly, peripheral antagonism of NMDAR have been found to attenuate satiation 

signaling.[8] Further, some work shows mechanosensitivity from the viscera is mediated by 

glutamatergic receptors, potentially suggesting a mechanism of action for NMDAR antagonists injected 
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into the intraperitoneal cavity to influence hibernation behavior.[9] Alternative explanations for the 

difference between this study and Jinka et al. could be drug efficacy.

b.

NMDAR
Antagonist

(AP-5)

TRPA1 Agonist 
(Cinnamaldehyde) Saline

Arousal
Induced 0 2 1

No Arousal 8 6 7

Fig. 1 NMDAR antagonists and TRPA1 agonists fail to induce arousal in hibernation. A. example AGS core 
body temperature during infusion of an NMDAR antagonist (AP-5, 5 mg/kg), saline and TRPA1 agonist 
(cinnamaldehyde, 15 mg/kg). b. AP-5 and cinnamaldehyde failed to induce arousal or thermogenesis 
compared to saline controls (fisher's exact test, ns, n=8 per group). All NMDAR and saline infusions 
were blinded.
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Fig 2. Experimental animal core body temperature responses during cinnamaldehyde (15 mg/kg), AP-5 
and saline infusions
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Appendix B: Material setup for infusion experiments

o Items to be gas sterilized

■ External cannulas (1 x 65 cm, 1 x 5 cm) (Instech polyurethane tubing ID 0.6 mm 

T22 fits 22 gage), teather assembly for 2-channel vascular access button (Instech 

VABD95BS and VABD95T)

o Items to be autoclaved

■ Covered hemostats

■ Pinports for the end of the external arterial line for sampling during infusion

■ Pinport injectors for sampling and flushing (Instech, 22g)

■ 23 g ½" Luer stubs (Instech) for attaching cannula to syringe pump 11 

o Materials

■ Harvard Apparatus Syringe Pump 11

■ 22g dual channel stainless steel swivel (Instech)

■ 3 mL Monoject sterile syringes (diameter 8.94 mm)

■ 1 mL sterile syringes (for drawing blood)

■ Sterilized Core Parmer Pinport Adaptors: part 30600-50

■ Micro-hematocrit capillary tubes, blue coded (ammonium-free)

■ Capillary tube centrifuge

■ MCLA Counter-balance arm (Instech) for Instech swivel, mounted outside cage 

due to height difference of cage

o Pharmaceutical/Chemical Materials

■ Saline (USP, Henry Schein)

■ Heparinized Saline (30 units heparin per 1 mL saline, see protocol)

■ Heparinized glycerol (1:1 heparin to glycerol, see protocol)
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Ammonium acetate, sodium acetate, saline, AP-5, Cinnamaldehyde (Sigma-

Aldrich)
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Appendix C: Procedure for I.V. Infusions

o During interbout arousal before experiment, weigh AGS (preferably in the early stage 

when AGS is initially arousing and not fully awake). AGS should be hibernating in a 

plastic cage already on DSI receiver plate.

o On first full day of torpor (day AGS reaches 4°C) flush AGS cannulas with heparin saline 

(see part III on how to flush AGS). This helps habituate the AGS to slight movement 

around the cannulas and ensures AGS will not arouse due to cannula flushing/sampling.

o On the second day of torpor flush cannulas again for the same reason as step (b)

o If the AGS remains torpid, on the evening/afternoon of the second day of torpor setup 

for the experiment. Put external cannuals on the swivel, attach the swivel to the 

counter-balance arm. If the counter-balance arm does not fit on BiRD AGS plastic 

housing, attach to an external setup (such as a metal cage turned upside down). 

Depending on caging used, the counter-balance arm might need some type of 

modification.

o Fill the arterial line with heparinized saline. Fill the venous line with the blinded 

substance to be infused into the AGS. The rest of the blinded substance should be in a 3 

mL syringe hooked up to the Harvard Syringe Pump. Set the volume to be infused as 

1.44 ml, rate as 0.120 ml per hour, diameter for Monojet 3 mL syringe to 8.94. To note: 

electronic interference often disturbs DSI temperature recordings. Covering the syringe 

pump with an overturned metal cage helps minimize this kind of interference during the 

experiment.

o Start respirometry recording the night before. Put the plexiglass metabolic lid on top of 

the plastic cage, secure with claps on four corners
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o On the third day of torpor, start the experiment at 0730 in the morning. Sample blood. 

Fill the arterial cannula with heparinized saline. Connect the teather to the vascular 

access button. Start the infusion.

o Sample blood at 6 and 12 hours into experiment. When infusion is finished at 12 hours, 

detach the teather, flush lines with heparinized saline.
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Appendix D: Cannula maintenance, flushing and sampling in Arctic Ground Squirrels

Flushing cannulas

• If vascular access button (VAB) present instead of butterfly attachment with pinports, first clean 

VAB of shavings with small cotton-tipped swab.

• Clean pinports with ETOH pads. With autoclaved pinport injector and 1 mL syringe, pull back 

current fluid in cannula line. Flush with sterile saline. Then flush with 0.08 mL heparinized 

glycerol.

• In Euthermic AGS cannulas must be flushed at least once every week. In hibernating AGS 

cannulas must be flushed once every month, but as long as animals are habituated to flushing

• Blood sampling during hibernation

• If directly sampling from the AGS, clean VAB site in the same fashion as flushing AGS. Clean 

pinports with ETOH pad. With autoclaved pinport injector and 1 mL syringe, pull back current 

fluid in cannula arterial port till all cannula locking solution is in syringe and you are getting only 

blood. Place new pinport and new syringe into the arterial port and pull back on the syringe. If 

the animal is hibernating do this slowly and give the plunger periods of rest. When finished 

sampling, flush the cannula with sterile saline then re-fill the cannula with 0.08 mL heparinized 

saline or heparinized glycerol.
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Appendix E: Heparinized locking Glycerol preparation (from Harlan laboratories catheter locking solution 

preparation procedure)

o Place 5 mL USP glycerol into 10 mL autoclavable, rubber-stoppered vial (18 g works well 

due to glycerol viscosity)

o Insert needle (23-25 gauge) into rubber stopper to vent

o Place vial in autoclavable container filled with water, height of water should reach 

height of glycerol in vial

o Autoclave glycerol for 30 minutes at 120 C (liquid cycle, slow exhaust)

o Remove needle from rubber stopper as soon as possible after autoclaving

o Allow vial to cool to room temperature

o Aliquot 5 mL sterile heparin sodium (1000 IU/mL) into the glycerol vial

o Expires 30 days after addition of heparin

• Heparinized Saline Procedure

o Add 7.5 mL sterile heparin sodium (1000 IU/mL) to bottle of sterile saline

o This makes 30 units per mL, expires 30 days after addition of heparin
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Appendix F: IACUC Approval Letters (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

May 29, 2018

To: Kelly Drew
Principal Investigator

From: University of Alaska Fairbanks IACUC
Re: [996835-11] Metabolic Flux

The IACUC reviewed and approved the Response/Follow-Up referenced above by Designated Member 
Review.

Received:
Approval Date: 

Initial Approval Date: 
Expiration Date:

May 18, 2018
May 29, 2018

December 19, 2016

December 19, 2019

This action is included on the June 14, 2018 IACUC Agenda.

Approval is given to add a summer/euthermic group to the research design. Since this is a repeated 
measures design no additional animals have been requested by the PI.

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.

Generated on IRBNet
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(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

December 14, 2018

To: Kelly Drew, PhD
Principal Investigator

From: University of Alaska Fairbanks IACUC
Re: [491809-43] Cross Talk Between Metabolism and the Nervous System via NMDAR

Initiates Arousal from Hibernation via a Novel Nutrient Sensing Mechanism

The IACUC reviewed and approved the Amendment/Modification referenced above by Full Committee 
Review.

Received:
Approval Date: 

Initial Approval Date: 
Expiration Date:

December 7, 2018
December 13, 2018

July 26, 2013
July 26, 2019

This submission is approved, but the PI is reminded that the work cannot begin until the relevant 
compounding SOP is approved.

This action is included on the December 13, 2018 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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(907) 474-7800 
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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

November 19, 2018

To: Kelly Drew
Principal Investigator

From: University of Alaska Fairbanks IACUC
Re: [904180-17] Validating Hibernation Model via Metabolic Comparisons of Free Range to 

Laboratory Arctic Grounds Squirrels

The IACUC reviewed and approved the modification to the Personnel List referenced above by 
Administrative Review.

Received:
Approval Date: 

Initial Approval Date: 
Expiration Date:

November 16, 2018
November 19, 2018

May 26, 2016
May 26, 2019

This action is included on the December 13, 2018 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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