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LAY ABSTRACT 

Thermogenesis, the metabolic production of heat, allows endotherms to maintain stable 

body temperatures in cold environments. However, it was not yet understood how small 

mammals fuel and sustain heat production in the cold and low oxygen environment of 

high altitude. My thesis has uncovered how deer mice native to high altitudes have 

adapted to burning fats at high rates in hypoxia to sustain thermogenesis. My findings 

show that high delivery rates of fats to heat-generating tissues are responsible for the 

elevated rates of heat production in high altitude deer mice. My work contributes to our 

understanding of the inner workings of the fat pathways and how it has evolved to ensure 

survival in extreme environmental conditions.   
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ABSTRACT 

Organisms are constantly balancing energy demand with an adequate supply of oxygen 

and substrates to sustain metabolic activity. Thermogenesis is an important metabolic 

process by which endotherms predominately burn lipids to regulate and maintain their 

body temperatures by balancing heat loss with heat production. Due to their high rates of 

heat loss, small winter-active mammals, like the North American deer mouse 

(Peromyscus maniculatus), are constantly challenged with thermogenesis. Deer mice are 

also native to high-altitude environments, conditions that further complicate the process 

of thermogenesis due to the inherent reduced oxygen availability. How metabolic 

substrates are used for fuelling and sustaining thermogenesis at high altitude remains 

unclear. The goal of my thesis was to examine how lipid metabolism has evolved to 

sustain heat production in animals living in high-altitude environments. This was 

achieved by using deer mice native to high- and low-altitudes acclimated to either 

standard lab conditions or simulated high altitude (cold hypoxia). I demonstrate that 

during thermogenic capacity (cold-induced V̇O2max), high-altitude deer mice have higher 

thermogenic lipid oxidation rates compared to their lowland counterparts, which is further 

increased after cold hypoxia acclimation. Interestingly, these high rates of lipid oxidation 

were associated with higher circulatory delivery rates of fatty acids and triglycerides to 

thermo-effector tissues. Specifically, I show that after a bout of cold-induced V̇O2max, 

fatty acid uptake occurs primarily in the skeletal muscle in control acclimated high-

altitude deer mice, and then shifts to brown adipose tissue following acclimation to high 

altitude conditions. These findings clearly show that in high-altitude deer mice, maximal 

thermogenesis is reliant on elevated delivery of circulatory lipids to muscle and brown 
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adipose tissue. This research further sheds light on the mechanistic underpinnings 

responsible for enhanced thermogenic capacity of high-altitude deer mice and capacity 

for the highest lipid oxidation rates observed in any mammal.  
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CHAPTER 1: GENERAL INTRODUCTION 

 

1.1 INTRODUCTION 

The ability of animals to survive in extreme environments, all while balancing energy 

supply and demand, has always fascinated physiologists. Depending on the aerobic 

metabolic demand or functional needs of the organism, the oxygen (O2) and metabolic 

substrate pathways are adjusted and maintained to ensure the effective delivery of both O2 

and metabolic fuel (Weibel et al., 1996). The oxygen cascade is a singular pathway, with 

equal rates of O2 flux along all steps of the pathway (from the environment, to circulation, 

to tissue mitochondria), while substrate pathways are more complex due to the ability to 

store metabolic substrates for future use. Active tissues have multiple sources of fuel for 

ATP production, both intracellular and originating from specialized storage organs 

(McClelland et al 2017; McClelland & Scott, 2019). These circulating carbohydrates, 

intracellular carbohydrates, circulating lipids, and intracellular lipids, all converge at the 

site of oxidation (Taylor et al., 1996). Researchers have been challenged with developing 

innovative technologies, intricate techniques, and experimental design paradigms to 

determine how substrates are regulated to fuel metabolic demands. Most work on fuel use 

has been studied in humans within the fields of biomedicine and exercise physiology; 

however, there is a dearth of research demonstrating how the regulation of fuel use has 

evolved to function in mammals.  

Substrate use has been studied for decades in mammals, particularly humans, dogs, 

goats, and rodents; however, much less is known about how substrate use has evolved in 

mammals. Studying animals living in challenging environments offers a deeper 



Ph.D. Thesis – S.A. Lyons; McMaster University – Department of Biology 

2 
 

understanding of how effective fuel supply and oxidation support survival in the wild. 

One environment where it would be expected for substrate pathways to have evolved to 

function in extreme metabolic conditions would be high altitude. High altitude is home to 

endotherms that are faced with the great metabolic challenge of maintaining stable body 

temperatures in an environment where both O2 availability and temperatures are 

persistently low (McClelland & Scott, 2019). These high-altitude natives have evolved 

adaptations that ensure an adequate supply of both O2 and metabolic fuels to survive the 

cold-alpine environment. These adaptive traits have fascinated both comparative and 

environmental physiologists alike. A great deal of work has assessed the O2 pathway, and 

how highland natives have increased oxygen transport capacities from the environment to 

working tissues, compared to lowlanders (Storz et al., 2019). For example, highlanders 

have higher aerobic capacities resulting from their more oxidative phenotype (greater 

hemoglobin O2 binding affinities, greater cardiac output, greater muscle capillarity, and 

greater proportion of oxidative fibres) compared to lowlanders (Lui et al., 2015; Storz et 

al., 2010; Tate et al., 2017). Surprisingly, little is known about how the substrate 

pathways have adapted to adequately supply metabolic activities, such as locomotion or 

heat production, in cold hypoxic environments. The goal of this thesis was to further 

understand how energy supply has evolved to power and sustain heat production in high-

altitude populations of deer mice.  

 

1.1 LITERATURE REVIEW 
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To understand the regulation of lipid oxidation in thermoregulating deer mice, it is 

important to review 1) the major metabolic fuels, 2) the metabolic conditions in which 

fuels are used, 3) the mechanisms of thermogenesis, and 4) deer mouse adaptations to 

high altitude.  

 

Metabolic Fuels 

Mammals use three main sources of fuel to supply energy in the form of adenosine 

triphosphate (ATP): carbohydrates, proteins, and lipids. The focus of this thesis pertains 

to the lipid metabolic pathway, so carbohydrates and proteins are only briefly discussed 

here. Most of the research in this literature review is based on studies in humans, rats, 

mice, goats, and dogs. 

Carbohydrates, which account for one percent of the body’s total energy reserves, 

can be stored in the form of glycogen in the liver and muscle tissue (Brooks & Mercier, 

1994). In the liver, glycogen is broken down into glucose and is transported through the 

circulation in the plasma. Working tissues, such as muscle, take up circulating glucose via 

glucose transporters, and use it to fuel ATP production in the mitochondria (Brooks & 

Mercier, 1994; Weber & Haman, 2004). Carbohydrates are preferentially oxidized during 

high intensity aerobic exercise (>65% VO2max) as they provide a high ATP yield per mol 

of O2 (Brand, 1994; Lau et al., 2017; Weber et al., 1996). Carbohydrates are also used to 

produce ATP via anaerobic glycolysis, in O2-limiting conditions, such as all out sprinting 

exercise (Hargreaves & Spriet, 2018).  
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Proteins account for 14 percent of the body’s total energy reserves. Proteins are water 

soluble and are transported to the liver, where amino acid deamination occurs to convert 

them into tricarboxylic acid (TCA) cycle intermediates or pyruvate (Weber & Haman, 

2004). Protein oxidation mainly occurs during rest or low intensity exercise. Deamination 

yields ammonia, a toxic metabolic bi-product that must be eliminated and as a result, 

protein oxidation is minimal and often considered negligible during mammalian exercise 

(Weber & Haman, 2004).  

Lipids account for 85 percent of the body’s total energy reserves and are 

predominately stored in adipose and muscle tissue (Brooks & Mercier, 1994; McClelland, 

2004, Weber 2011).  In white adipose tissue (WAT), lipids are stored as triglycerides 

(TG). TGs are broken down by lipases (adipose tissue lipase, hormone sensitive lipase, 

and monoglyceride lipase) into fatty acids (FA) and glycerol, via lipolysis. Liberated FAs 

are shuttled out of WAT via fatty acid translocase CD36 (FAT/CD36) and are transported 

in the circulation bound to albumin within the plasma. TGs are also transported in 

circulation bound to lipoproteins (very low-density lipoproteins; VLDLs). Uptake of 

circulating FAs occurs via FAT/CD36 expressed on cellular membranes. Once inside the 

cell, FAs are bound to fatty acid binding protein (FABP) and can be shuttled to be stored 

as TG within the tissue or be converted to fatty-acyl CoA via acyl-CoA synthetase and be 

shuttled towards the mitochondria to be oxidized for ATP production. FAs are shuttled 

into the mitochondria via FAT/CD36 and carnitine palmitoyltransferase (CPT), where 

they undergo beta-oxidation to become acetyl CoA, and enter the TCA cycle to produce 

NADH, which goes on to be oxidized by the electron transport chain and produce ATP 
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(McClelland, 2004; Stephens, 2018). Lipids are very energy dense molecules, providing 

three times the ATP per mol of substrate compared to carbohydrates (Brand, 1994) and 

are preferentially oxidized during periods of rest, up to moderate exercise intensities 

(~65% VO2max) (Brooks & Mercier, 1994). During running exercise, maximal rates of 

lipid oxidation occur between 40 and 60% of VO2max (Brooks & Mercier, 1994; Weibel 

et al., 1996).  

 

Metabolic Fuel Use 

The proportion of fuels that contribute to ATP production for working tissues is 

largely dependant on the intensity and duration of metabolic activity (Hargreaves & 

Spriet, 2018). As mentioned previously, lipids provide most of the energy supply during 

low to medium intensity exercise activities (<60% VO2max) (Brooks & Mercier, 1994; 

Weber et al., 1996). At rest and low exercise intensities, most lipids oxidized are derived 

from the circulation (Weber, Brichon, et al., 1996). As exercise intensity increases, 

FAT/CD36 is transported from the cytosol to the sarcolemmal membrane to increase FA 

uptake from the circulation (Bonen et al., 1999; Glatz et al., 2010; McClelland, 2004; 

Weber & Haman, 2004). Also, during moderate intensity exercise, the proportion of lipids 

derived from intramuscular stores increases (McClelland, 2004; Weber et al., 1996). Once 

the exercise intensity exceeds 60%VO2max, the “crossover concept” dictates an increased 

reliance on carbohydrate oxidation, and a decreased reliance on lipid oxidation (Figure 

1.1, Brooks & Mercier, 1994; Weber et al., 1996).  
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During rest, the oxidation of carbohydrates is suppressed by the products of lipid 

oxidation. The accumulation of citrate within the TCA cycle, derived from FAs, inhibits 

phosphofructokinase, one of the many enzymes responsible for the conversion of glucose 

into pyruvate during glycolysis (McClelland, 2004). This inhibition of 

phosphofructokinase prevents the breakdown of carbohydrates for oxidation, allowing the 

cell to rely on lipid oxidation for the generation of ATP and spare glycogen stores for 

future instances of greater ATP demand. 

At high exercise intensities, lipid oxidation is inhibited by increased ATP demand 

through two possible mechanisms. The first occurs through increased activation of AMP-

activated protein kinase (AMPK). AMPK phosphorylates acetyl-CoA carboxylase, 

promoting the conversion of acetyl-CoA to malonyl-CoA, which inhibits CPT1 function, 

thus preventing FA uptake into the mitochondria (Båvenholm et al., 2000; Stephens, 

2018). The inhibitory effects of malonyl-CoA on CPT1 function are greater for the  

CPT1α subunits, which are mainly found in the liver, compared to CPT1β subunits, 

which are mainly found in muscle and BAT (Lopez et al., 2007). The second mechanism 

is the result of increased glycolysis and acetyl-CoA production within the mitochondria. 

Increased concentrations of acetyl-CoA promote its own conversion to acetyl-carnitine 

via carnitine acetyl transferase. This build up of acetyl-carnitine uses up the free carnitine 

that is used to shuttle FAs into the mitochondria via CPT, thus hindering FAs ability to be 

oxidized (Roepstorff et al., 2005; Stephens, 2018) and increasing the reliance on 

carbohydrates during high intensity exercise.  
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It is important to note that most work in this field has studied lipid metabolism in the 

context of exercise, while there is less work done on lipid regulation in the context of 

thermogenesis.  

 

Shivering and Non-Shivering Thermogenesis 

Thermogenesis is an aerobic process that allows endotherms to maintain stable body 

temperatures by balancing heat lost to the external environment with endogenous heat 

production. The onset of thermogenesis occurs when the ambient temperature falls below 

an animal’s thermoneutral zone (Scholander et al., 1950). Warm-sensitive neurons in the 

periphery relay information to the preoptic area within the rostral hypothalamus, which 

acts through the sympathetic nervous system to coordinate a thermogenic response and 

restore thermal homeostasis (Boulant, 2000). Animals thermoregulate using two major 

mechanisms: shivering thermogenesis (ST) and non-shivering thermogenesis (NST). ST 

is the process of producing heat through muscular contractions that provide no beneficial 

locomotory work. There are 2 types of shivering observed in humans. The first is a 

constant low frequency shivering, primarily achieved by oxidative fibres that can oxidize 

lipids readily. The second type is a high frequency burst shivering, achieved by glycolytic 

fibres primarily using carbohydrates (Haman, et al., 2002; Haman et al., 2004; Weber & 

Haman, 2004; Vaillancourt et al., 2009). NST is the process of metabolic heat production 

without muscular contraction. Small endotherms are known to rely on NST more heavily 

than larger endotherms because their larger surface area to volume ratios dictate rapid 

loss of body heat to the environment. In placental mammals, NST is primarily derived 



Ph.D. Thesis – S.A. Lyons; McMaster University – Department of Biology 

8 
 

from the specialized thermo-effector organ, brown adipose tissue (BAT). Increased heat 

production from BAT is thought to be adaptive by allowing muscle function to shift from 

shivering to locomotion. BAT generates heat through the futile cycling of protons across 

the mitochondrial membrane via uncoupling protein 1 (UCP1). The uncoupling of 

mitochondrial fuel oxidation and respiration from ATP production increases the activity 

of electron-generating cycles (such as the TCA cycle and beta oxidation) and increases 

the flow of electrons along the electron transport chain, generating heat (Cannon & 

Nedergaard, 2004; Zhang & Wang, 2006; Xue et al., 2009). The increased flow of 

electrons along the electron transport chain is derived from the catabolism of metabolic 

substrates. BAT-mediated NST relies primarily on lipids, and also carbohydrates, as a 

source of fuel (Meyer et al., 2010; Grimpo et al., 2014). It has been suggested that 

increasing BAT thermogenic activity facilitates the switch from carbohydrate use to lipid 

use for heat production and serves as a carbohydrate sparing strategy (Meyer et al., 2010). 

Furthermore, as ST and NST predominantly rely on lipids as a source of fuel, 

thermogenesis may be considered equivalent to low/moderate intensity exercise. 

 

Deer Mouse Adaptations to High Altitude 

The North American deer mouse has the highest altitudinal gradient of any north 

American mammal (Hock, 1964). It is thought that populations of deer mice moved up in 

altitude over multiple generations to reduce the competition of resources between other 

species. For example, rats are known to outcompete mice for territory and resources, 

however, rats do not inhabit altitudes greater than 2,500m a.s.l., while mice have been 
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found to live over 4,000m (Jochmans-Lemoine et al., 2015). Given that only specific 

populations of mice live at high altitude, these mice must have acquired adaptations to 

ensure survival and maintain fitness in these environments. Deer mice living at high-

altitude are faced with 2 major stressors: low partial pressures of oxygen and low ambient 

temperatures. A specific trait linked with their survivability is thermogenic capacity, or 

the maximal capacity to produce heat (Hayes & O’Connor, 1999). Indeed, highland deer 

mice have many underlying traits that contribute to their ability to sustain the oxygen-

demanding process of thermogenesis in a cold, hypoxic environment.  

Highland native deer mice, when compared to their lowland conspecifics, rely more 

on greater tidal volumes rather than breathing frequency, a more effective strategy in 

hypoxia (Ivy & Scott, 2017), have greater oxygen loading and carrying capacities (Storz 

et al., 2010; Lui et al., 2015), have greater cardiac outputs (Tate et al., 2017), have greater 

capillarity in locomotory tissue (Lui et al., 2015), have greater proportion of oxidative 

fibres (Lui et al., 2015; Dawson et al., 2018), and have more mitochondria, with higher 

respiratory capacities, localized towards the periphery of the muscle cell (Mahalingam et 

al., 2017). All of these adaptations coincide with the higher running VO2max, in hypoxic 

conditions, observed in highland deer mice (Lui et al., 2015; Lau et al., 2017). 

Furthermore, while acclimation to hypoxia also increased hypoxic running VO2max in 

both highland and lowland deer mice (Lui et al., 2015), highland deer mice demonstrate 

an increased carbohydrate oxidation and a greater reliance on carbohydrates during 

exercise at 75% of VO2max (Lau et al., 2017).   
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Thermoregulation is challenging for small, winter-active mammals, such as deer 

mice, due to their large surface area to volume ratio, resulting in high rates of heat loss. 

Furthermore, high altitude poses the additional challenge of hypobaric hypoxia on the 

oxygen demanding process of thermogenesis. The capacity to thermoregulate has been 

shown to be under directional selection at high altitude, correlating to greater survival in 

deer mice (Hayes & O’Connor, 1999). The mechanisms that underlay this increased heat 

production are not fully understood; however, increased thermogenic capacity has been 

associated with an increased aerobic muscle phenotype, and higher capacities for lipid 

oxidation in the muscle (Cheviron et al., 2012). Studies on deer mice suggest that during 

maximal rates of heat production (cold-induced VO2max), lipid use predominates over 

other fuel sources (e.g. carbohydrates, proteins), as respiratory exchange ratios (RER) 

approached ~0.71, a value indicative of lipid oxidation (Cheviron et al., 2012). It has also 

been observed that highland native deer mice have higher cold-induced VO2max 

compared to their lowland conspecifics, despite having the same RERs. These findings 

suggest that highlanders have higher lipid oxidation capacities than lowlanders (Cheviron 

et al., 2012). These high rates of lipid oxidation would not have been predicted from 

current models of exercise fuel use, where metabolic rates close to running VO2max are 

supported exclusively by carbohydrate oxidation (RER ~1) (Roberts et al., 1996; 

Schippers et al., 2012; 2014; Lau et al., 2017). Thus, it is unclear how these high 

metabolic rates for thermogenesis are dominated by lipid metabolism.  
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1.2 AIMS AND OBJECTIVES 

Differences in capacity along the lipid metabolic pathway, from storage, 

mobilisation, transport, uptake, and oxidation, are not characterized in high-altitude 

adapted mammals. The differences in lipid oxidation capacities observed between 

highlanders and lowlanders may be explained by differences in specific regulatory steps 

or shared among multiple steps along the lipid metabolic pathway. The primary 

objective of this work was to understand how the lipid metabolic pathway has adapted 

and functions to sustain thermogenesis in highland deer mice. Furthermore, my research 

sought to uncover the role of phenotypic plasticity on the lipid metabolic pathway in 

response to simulated high-altitude conditions (cold hypoxia). 

To address these objectives, I used first- and second-generation deer mice native to 

high- (Mt. Evans CO, 4350m,) and low-altitude (Lincoln NE, 430m; Kearney NE, 656m). 

All experimental mice were born and raised in warm normoxic conditions (~23oC, 21kPa 

O2), on a 12:12-h light-dark photoperiod, with food and water ad libitum. All experiments 

were completed with male and female mice at least 6 months of age. The major 

acclimation groups in my thesis are: 1) controls, where mice were kept in normal living 

conditions (~23oC, 21kPa O2), 2) cold-hypoxia (CH) conditions (5oC, 12kPa O2), 

simulating high altitude for 6-8 weeks, or 3) thermoneutral (TN) conditions (30oC, 21kPa 

O2) for 6-8 weeks.  

Using this experimental design and implementing techniques ranging from the 

whole-animal level to the cellular level, I conducted 3 major studies to measure lipid 

metabolism and characterize the structural and regulatory components of the lipid 

oxidation pathway. These studies addressed the overarching hypothesis that highland 
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native deer mice have evolved increased lipid use to supply the energy necessary for 

sustaining thermogenesis at high altitude. The following 3 chapters allowed me to test the 

proposed objectives and hypothesis.  

 

1.3 CHAPTER GOALS & HYPOTHESIS 

Chapter 2. Lipid Oxidation during Thermogenesis in High-Altitude Deer Mice 

(Peromyscus maniculatus) 

The goal of this study was to assess how substrate use at both moderate and maximal 

intensities of thermogenesis may differ in highland and lowland deer mice, and the 

strictly lowland white-footed mouse. I also determined the role of phenotypic plasticity of 

substrate use after acclimation to cold hypoxia (CH), conditions simulating high altitude.  

Hypothesis 1. Moderate and maximal rates of thermogenesis are predominately 

supported by lipid metabolism in deer mice and rates of lipid oxidation are higher in deer 

mice native to high altitude. 

Hypothesis 2. High-altitude deer mice respond to chronic cold hypoxia with a greater 

increase in lipid oxidation during thermogenesis than low-altitude deer mice. 

 

Chapter 3. Thermogenesis is supported by high rates of circulatory fatty acid and 

triglyceride delivery in highland deer mice 

The aim of this study was to quantify the various structures along the lipid oxidation 

pathway- storage, mobilization, transport, uptake, and oxidation. This study provided 

insight about the key components of the lipid pathway that contribute to the differences in 
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whole-animal lipid oxidation rates between highland and lowland deer mice, and 

acclimation to simulated high altitude.  

Hypothesis 1.  Differences between highland and lowland deer mice in whole-animal 

lipid oxidation are due to differences in the structural components of the lipid 

mobilisation-delivery-transport-oxidation pathway.  

Hypothesis 2. Acclimation to simulated high altitude augments the capacity of the 

lipid metabolic pathway.  

 

Chapter 4. Highland deer mice redirect tissue fatty acid uptake to support 

thermogenesis after cold hypoxia acclimation. 

One challenge of correlating lipid oxidation and tissue metabolic properties is 

isolating the contribution of a tissue to total energy consumption. During exercise, 

substrates and oxygen are predominately consumed by working skeletal muscle. 

Thermogenesis, however, occurs in both skeletal muscle and BAT. The goal of this study 

was to determine the contribution of various tissues (including muscle and BAT) to heat 

production in highland and lowland deer mice, acclimated to either thermoneutral or cold 

hypoxic conditions. 

Hypothesis 1. Heat production is contributed mainly by BAT in highland deer mice 

relative to lowland deer mice.  

Hypothesis 2. Simulated high-altitude conditions increases BAT activity and shifts 

the uptake of fatty acids from muscles to BAT during thermogenesis.  
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Figure 1.1 
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Figure 1.1. Substrate oxidation rates at varying exercise intensities. The combination 

of metabolic substrates oxidized during running exercise is largely dependent on 

intensity. In mammals, fat oxidation (filled circles) dominates energy provision from low 

to moderate exercise intensities, while carbohydrate oxidation (CHO; open circles) is 

greater during high intensity exercise. Peak rates of fat oxidation occur between 40 and 

60% of running VO2max (Roberts et al., 1996).  
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CHAPTER 2: LIPID OXIDATION DURING THERMOGENESIS IN HIGH-

ALTITUDE DEER MICE (PEROMYSCUS MANICULATUS) 

Modified and reproduced with permission from Lyons, S. A., Tate, K. B., Welch Jr, K. 

C., & McClelland, G. B. (2021). Am. J. Physiol.-Reg. I. 320(5), R735–R746. doi: 

10.1152/ajpregu.00266.2020 

 

2.1 ABSTRACT 

When at their maximum thermogenic capacity (cold-induced V̇O2max), small 

endotherms reach levels of aerobic metabolism as high, or even higher, than running 

V̇O2max. How these high rates of thermogenesis are supported by substrate oxidation is 

currently unclear. The appropriate utilization of metabolic fuels that could sustain 

thermogenesis over extended periods may be important for survival in cold environments, 

like high altitude. Previous studies show that high capacities for lipid use in high-altitude 

deer mice may have evolved in concert with greater thermogenic capacities. The purpose 

of this study was to determine how lipid utilization at both moderate and maximal 

thermogenic intensities may differ in high- and low- altitude deer mice, and strictly low-

altitude white-footed mice. We also examined the phenotypic plasticity of lipid use after 

acclimation to cold hypoxia (CH), conditions simulating high altitude. We found that 

lipids were the primary fuel supporting both moderate and maximal rates of 

thermogenesis in both species of mice. Lipid oxidation increased 3-fold in mice from 

30oC to 0oC, consistent with increases in oxidation of [13C]-palmitic acid. CH acclimation 

led to an increase in [13C]-palmitic acid oxidation at 30oC but did not affect total lipid 

oxidation. Lipid oxidation rates at cold-induced V̇O2max were two- to four-fold those at 

0oC and increased further after CH acclimation, especially in high-altitude deer mice. 

These are the highest mass-specific lipid oxidation rates observed in any land mammal. 
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Uncovering the mechanisms that allow for these high rates of oxidation will aid our 

understanding of the regulation of lipid metabolism. 

 

2.2 INTRODUCTION 

Homeothermic endothermy is a distinctive feature of mammals that is crucial for 

their survival in cold environments. However, thermal tolerance and thermogenic 

capacity are performance traits that not only vary with body size but also with individual 

and population differences in thermal history (23, 31, 54). For instance, small mammals 

have greater thermoregulatory costs compared to larger species due to a higher surface 

area for heat loss relative to volume used for heat production. This can be especially 

challenging for species that are active during colder parts of the year, necessitating high 

rates of thermogenesis to remain active when temperatures are low (15, 28). Past research 

has uncovered many details on how these species can maintain high rates of O2 delivery 

to thermogenic tissues (21). However, it remains unclear how metabolic substrates are 

utilized to support high rates of thermogenesis in mammals or if fuel use patterns change 

seasonally.  

Thermogenesis is an aerobic process that allows endotherms to maintain stable body 

temperatures by balancing heat lost to the external environment with endogenous heat 

production. The onset of thermogenesis occurs when the ambient temperature falls below 

an endotherm’s thermoneutral zone (54) and can occur in two major ways, shivering and 

non-shivering thermogenesis (NST). Shivering thermogenesis increases metabolic 

demand via muscular contractions that provide heat but no beneficial locomotory work, 
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while NST produces heat through the futile cycling of protons across the mitochondrial 

membrane via uncoupling protein 1 in brown adipose tissue (BAT) (12). While shivering 

is fueled by both carbohydrates and lipids, depending on shivering intensity (25), NST is 

primarily fueled by lipids (8, 32). Furthermore, prolonged cold exposure increases 

shivering capacity (45) and elevate BAT metabolic activity (5, 62). 

Endogenous lipid stores are large in mammals (~80% available energy reserves) and 

it has been speculated that lipids may be used to sustain heat production (63). Data from 

rats show that during modest cold exposure (5oC), lipid oxidation supports over 50% of 

the metabolic demand of shivering thermogenesis (61). However, we are not aware of any 

study examining fuel use for thermogenesis in smaller mammals, such as mice. It is well-

characterized in mammals that maximal rates of lipid oxidation during locomotion occur 

at moderate intensities of aerobic exercise (10, 53, 65), and these rates do not vary even if 

fat availability is artificially elevated (26). Although during exercise higher mass-specific 

rates of lipid oxidation are observed in mice compared to larger species, they too 

demonstrate an upper limit to lipid use at submaximal exercise intensities (33, 53, 60). 

Interestingly, during cold-induced V̇O2max (also referred to as summit metabolism) 

small endotherms often reach levels of aerobic metabolism higher than V̇O2max elicited 

by exercise (15, 27, 37). This suggests that metabolism supporting even moderate rates of 

thermogenesis may be higher than those during aerobic exercise, when lipid oxidation 

plateaus or even declines (64). Whether small mammals can sustain sufficient rates of 

lipid oxidation to support even these moderate rates of thermogenesis is unclear. 
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High-altitude environments can be cooler year-round than lower elevations of the 

same latitude. Yet, populations of small mammals native to high altitude, such as deer 

mice, remain active in the cold, maintaining higher daily energetic costs compared to low 

altitude conspecifics, even during summer months (28). There is also evidence of 

directional selection for greater cold-induced V̇O2max in deer mice at high altitude (29), 

and thermogenic capacity in hypoxia is higher in high-altitude deer mice compared to 

lowland conspecifics (18, 19, 57). This superior aerobic capacity at high altitude is the 

product of environmentally induced phenotypic plasticity overlaid upon fixed population 

differences (19, 34, 58). While the oxygen transport pathway from the external 

environment to muscle tissues have been extensively examined in mammals living at high 

altitude (38), fuel use has received much less attention. However, work examining 

exercise metabolism in high altitude conditions suggests a greater reliance in 

carbohydrates to support submaximal locomotion, presumably as an oxygen-saving 

strategy. This has been demonstrated in two species in the genus Phyllotis native to the 

high Andes (53) and in deer mice native to the Rocky Mountains, born and raised at low 

altitude and acclimated to chronic hypoxia (33). However, how metabolic fuel use may 

have evolved at altitude to support the high rates of thermogenesis is currently not well 

understood. 

It would be unlikely that a preferential utilization of carbohydrate oxidation occurs to 

support the high rates of thermogenesis at high altitude, given mammals have limited 

glycogen reserves (37), and the prolonged nature of thermoregulation would quickly 

deplete these stores. Indeed, after a 6-week acclimation to low altitude conditions, wild 
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high-altitude native deer mice showed respiratory exchange ratios (RER= V̇CO2/V̇O2) at 

cold-induced V̇O2max in hypoxia suggestive of a high reliance on lipids (18). These high 

proportions of lipid use may be largely influenced by NST activity in BAT. Moreover, the 

higher thermogenic capacities in high-altitude mice suggests a corresponding elevated 

rate of lipid oxidation. Phenotypic differences between low- and high-altitude deer mice 

in the gastrocnemius, a muscle used in thermogenesis (44), suggest higher capacities for 

fatty acid oxidation at high altitude, presumably to support high rates of shivering (18, 

33). 

Whether moderate and/or maximal rates of heat production are supported solely by 

lipids or a combination of metabolic fuels has not been explored in either low or high-

altitude deer mice. Moreover, it is unclear if lipid oxidation rates follow the same 

population differences in aerobic capacity, or if this fuel utilization for heat production is 

affected by acclimation to simulated high-altitude conditions.  

To address these issues, we used deer mice (Peromyscus maniculatus) native to high 

altitude and compared them to a low-altitude population and to a closely related strictly 

low-altitude species, the white-footed mouse (P. leucopus). Mice were born and raised in 

common low-altitude conditions and acclimated as adults to cold hypoxia simulating high 

altitude. We tested the hypothesis that moderate and maximal rates of thermogenesis are 

predominately supported by lipid metabolism in deer mice and rates of lipid oxidation are 

higher in deer mice native to high altitude. High-altitude deer mice are also predicted to 

respond to chronic cold hypoxia with a greater increase in lipid oxidation during 

thermogenesis than low-altitude mice. 
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2.3 METHODS 

Animals and experimental design 

Male and female deer mice and white-footed mice used in this study were first 

generation descendants of wild-caught P.m. rufinus trapped at the summit of Mount 

Evans CO (4,350m a.s.l.) and P.m. nebracensis and P. leucopus trapped at low altitude at 

Nine-mile Prairie, NE, USA (320m a.s.l.). Mice were born and raised at McMaster 

University (~90m a.s.l.) in common laboratory conditions of ~23oC, light cycle of 12:12h 

light:dark, food and water ad libitum. All mice were at least 6 months of age before the 

start of experiments. This experimental design allows us to separate the effects of altitude 

ancestry and environment on physiological traits (18, 33, 34, 58). All procedures were 

approved by the McMaster University Animal Research Ethics Board in accordance with 

guidelines from the Canadian Council on Animal Care.  

 

Acclimation Conditions 

First generation high-altitude (HA) and low-altitude (LA) deer mice were randomly 

divided into two acclimation groups and kept for 6 to 8 weeks in either, 1) warm 

normoxia (WN), at 23oC and 760mmHg (21kPa O2) - our common laboratory conditions, 

or 2) cold hypoxia (CH), at 5oC and 480mmHg (12kPa O2) using hypobaric chambers 

(35) housed in a climate controlled room to simulate an altitude of 4300m a.s.l. Mice in 

the CH group were first placed in a cold room for 24 hours at normobaria to adjust to the 

cold before being placed in the hypobaric chambers. Mice in CH were returned to 
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normobaria in cold for a brief period (<1h) twice a week to clean cages and replenish 

food and water (57, 58).  

 

Respirometry 

Open-flow respirometry was used to determine rates of oxygen consumption (V̇O2) 

and CO2 production (V̇CO2). For each mouse, V̇O2 and V̇CO2 were measured at 

thermoneutral temperatures (30oC) (16) and moderate cold temperatures (0oC) using a 

PTC-1 Portable Controlled Temperature Cabinet (Sable Systems, Las Vegas, NV) in 

random order. Mice were made post-absorptive by a 4-6 hour fast, weighed and placed in 

a respirometry chamber (~500ml). Dry (Drierite, Hammond, OH) and CO2 free (Soda 

Lime and Ascarite, Thomas Scientific, NJ) air was flowed (pushed) into the respirometry 

chamber at 600ml min-1, using a mass-flow controller (Sable Systems). Excurrent air was 

subsampled at a rate of ~200ml min-1, dried using pre-baked Drierite (67), and passed 

through O2 and CO2 analyzers (Sable Systems). Fractional incurrent O2 (FiO2) and CO2 

(FiCO2) were recorded at the beginning and end of the trial by flowing air through an 

empty respirometry chamber. After mice adjusted to the chamber for 20 minutes, 

fractional excurrent concentrations of O2 (FeO2)  and CO2 (FeCO2) were determined for 20 

minutes and V̇O2 and V̇CO2 were calculated using equation 3b from Withers (68). Body 

temperatures were measured before and after all experimental trials using a rectal probe 

thermometer (RET-3-ISO, Physitemp). Resting V̇O2 was defined as the lowest, most 

stable reading during a 1.5 min interval during the last 20 minutes of the trial. Whole-

animal rates of substrate oxidation were calculated using the indirect calorimetry 
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equations from Frayn (22) assuming a minimal contribution of protein oxidation in the 

post absorptive state (11, 24). Protein oxidation has been shown to contribute only ~5% to 

energy production during exercise in post-absorptive mammals. Thus, we assumed no 

contribution of protein oxidation when calculating rates of fuel oxidation. Thermal 

conductance (C) was calculated based on equations from Scholander et al. (54).  

Hypoxic cold-induced V̇O2max reported here are from Tate et al. (58) with an 

additional 5 HA and 5 LA mice in WN and 9 HA and 9 LA mice in CH. Cold-induced 

V̇O2max was determined by flowing heliox (21% O2, 79% He or 12% O2, 88% He), at 

1000ml min-1 using mass flow meters and controllers (Sierra Instruments, Monterey, CA, 

USA; MFC-4, Sable Systems, NV, USA), through copper coils housed inside a 

temperature control cabinet and into a glass respirometry chamber (~500ml) cooled to ~-

10oC. Heliox induces greater heat loss at warmer temperatures and avoids the risk of cold 

injury to the animals (17, 51). Mice were exposed to these conditions for ~15 minutes and 

cold-induced V̇O2max was defined as the peak value of V̇O2 averaged over a 10-15 

second period (50, 57).  

All mice were given at least 48 hours to recover before another submaximal or cold-

induced V̇O2max trial was performed.  

 

13C Stable Isotope Breath Analysis 

Using indirect calorimetry can provide an estimate of whole-body lipid oxidation 

rate. While these rates are still very informative, they do not directly quantify the rate of 

oxidation of specific fuels or sources. We labelled endogenous fat stores with [13C]-
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palmitate and quantified rates of [13C]-palmitate oxidation by collecting exhaled 13CO2 

and measuring V̇CO2, as previously described for other species (40, 43). Using this 

approach, we could quantify how the rate of oxidation of labelled lipid stores specifically 

varied with ancestry, acclimation or acute thermal challenge. Briefly, labelled food was 

prepared by completely dissolving 0.5g of [1-13C]-palmitic acid (Cambridge Isotope 

Laboratories, Inc) in 95% ethanol to coat 0.5kg of rodent chow (front and back). The 

chow was then baked at 60oC overnight. A subset of mice was fasted up to a maximum of 

24 hours with full access to water to heavily deplete endogenous lipid stores (41, 55). 

After the 24-hour fast, or once mouse weight was ~80% of their original body mass, 

animals were provided the 13C-labelled chow for at least 10 days to replenish and ensure 

sufficient labeling of endogenous lipid stores. Mice were given labelled chow until all 

breath sampling trial data were collected.  

Breath samples were collected from animals before and after [13C]-palmitic acid 

enrichment of fat stores. Food was removed 4 hours prior to collection of breath 13CO2 to 

prevent recently ingested 13C from influencing our determination of endogenous lipid use 

(42). During respirometry trials at 30oC and 0oC, a 12ml subsample of excurrent air was 

collected from these mice using a gas-tight glass syringe and transferred to a 12ml glass 

exetainer (Labco). Breath samples were analyzed for 13C signatures by cavity ring-down 

spectroscopy using the Picarro G2201-I Isotopic Analyzer (Picarro, Inc., Santa Clara, CA, 

USA). Using the techniques and equations provided by Dick et al. (20) and McCue et al. 

(40), 13C signatures were used to calculate [13C]-palmitic acid oxidation (43).  
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Measurement of Plasma Fatty Acids 

Blood samples were obtained from the submandibular vein immediately following 

indirect calorimetry trials at 30oC and 0oC. Blood was immediately centrifuged at 10,000 

× g for 5 min to separate red cells from plasma. Plasma was quickly frozen in liquid 

nitrogen and stored until further analysis. To quantify free fatty acids, 20µl of plasma 

were combined with 10µl of internal standard (C17:0, 0.6mg ml-1) in 1ml of 2,2-

dimethoxypropane and vortexed. This was followed by the addition of 40µl of HCl (12M) 

and the methylation of free fatty acids was left to proceed for 1h. The reaction was 

stopped with the addition of 20µl of pyridine and vortexed. Next, 750μl of iso-octane and 

500μl of dH2O was added to the samples, and then centrifuged at 10,000 × g for 5 min. 

The resultant upper phase was transferred to a new tube, and the process was repeated for 

the bottom layer. The top phases were combined and completely dried under N2. The 

sample was re-suspended in 50μl of iso-octane and transferred to an autosampler tube. 

Another 50μl of iso-octane was added to the original sample tube to re-suspend any 

remaining contents and was also transferred to the autosampler tube and was completely 

dried under N2. The final sample was re-suspended in 50μl of iso-octane (36). 

Samples were analyzed using an Agilent Technologies 6890N gas chromatograph 

with a 30m fused silica capillary column (DB-23, Agilent Technologies), flame ionization 

detector and equipped with an automatic injection system (Agilent Technologies 7683B 

Series). Helium was used as the carrier gas at a constant pressure and column velocity of 

44cm s-1, with 4μl of sample injected into the column. The conditions used during 

analysis were the following: oven temperature initially programmed for 4min at 160°C, 
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ramped to 220°C at a rate of 2°C min-1 and held at 220oC for 2 min, then ramped to 

240°C at 10°C min-1, and held at 240°C for 7 min. Post-run was 130oC for 4 min. The 

detector temperature was 250°C. Identities of fatty acid methyl esters were compared to 

the retention times of a standard FAME mix (C8-C24, Sigma). We excluded analysis of 

fatty acids less than 16 carbons as we did not attempt to minimize volatilization (47). 

 

Statistics 

Linear mixed effects models were used to test for effects of population, acclimation, 

and experimental temperature. Analyses were performed using the lme4 package (3) in R 

v.4.0.0 (59). We assessed the potential interactions between fixed factors, including body 

mass as a covariate and the random effects of family, sex and age. If the variance 

explained by random effects did not approach significance (p>0.05), we removed them 

and reran the analysis. Except for body mass, all other dependant variables were reduced 

to 3-way analysis of variance (ANOVA)s, with mass as a covariate where appropriate. 

Additionally, within each experimental temperature (30oC and 0oC), and cold-induced 

V̇O2max condition (normoxia and hypoxia), 2-way ANOVAs were performed assessing 

the interaction between population and acclimation. Pairwise, Holm Sidak post hoc tests 

were performed to assess significant interactions (30). All statistical analyses were 

performed on the absolute values of the traits that were not corrected for body mass, but 

some data are presented as relative to body mass by convention to the literature (V̇O2, 

V̇O2max, ventilatory volumes, [13C]-palmitate oxidation, lipid oxidation and thermal 
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conductance). All data are presented as mean ± sem. A statistical significance value was 

set at P<0.05. 

 

2.4 RESULTS 

Body Mass 

 

White-footed mice weighed 29% more than both HA and LA deer mice, regardless of 

acclimation environment (p<0.05) (Table 2.1). However, there was no significant 

difference in mass between HA and LA deer mice (p>0.05) (Table 2.1).  

 

Respiration in thermoneutral and moderate cold temperatures 

To determine if altitude ancestry or acclimation to CH influences metabolic rate 

during submaximal thermogenesis, we measured V̇O2 at thermoneutrality (30ºC) and 

during a moderate cold exposure (0ºC) in LA and HA deer mice and white-footed mice. 

We found that V̇O2 was 3-fold greater at 0oC compared to 30oC for all individuals, 

regardless of population and acclimation environment (p<0.05). HA and LA deer mice 

had greater V̇O2 than white-footed mice at both 30oC and 0oC (p<0.05), but there were no 

differences in V̇O2 between HA and LA deer mice (p>0.05). Furthermore, acclimation 

did not significantly influence V̇O2 (p>0.05) (Fig. 2.1A). We calculated RER during these 

submaximal rates of thermogenesis and found it was unaffected by ambient temperature 

(p>0.05). While all mice tested at 0oC had similar RERs regardless of population or 

acclimation (p>0.05), at 30oC white-footed mice acclimated to CH had higher RER than 

those housed in WN (P<0.05). The range of RERs observed in all trials were between 
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0.70 to 0.80 across all groups, suggesting that lipids were the primary source of fuel in 

thermoneutral conditions and with moderate cold exposure (Fig. 2.1B). 

 

Whole animal lipid oxidation rates during submaximal thermogenesis 

Since lipid oxidation is the primary fuel for both shivering and non-shivering 

thermogenesis in rodents (18, 61), we determined if altitude ancestry or acclimation 

environment influenced this trait in moderate cold conditions. Using indirect calorimetry, 

we calculated whole-animal lipid oxidation rates and observed an increase from 30oC to 

0oC (p<0.05). Across all temperatures, LA deer mice had greater lipid oxidation rates 

compared to white-footed mice (p<0.05), but not compared to HA deer mice (p>0.05). At 

30oC, both HA and LA deer mice had greater lipid oxidation rates compared to white-

footed mice (p<0.05). Interestingly, CH acclimation did not affect whole-animal rates of 

lipid oxidation (p>0.05) (Fig. 2.2A). 

 

Thermal conductance during submaximal thermogenesis 

Thermal conductance was calculated to determine if changes in rates of heat loss 

occurred due to exposure to colder ambient temperatures with CH acclimation (Table 

2.1). We found that thermal conductance was reduced as ambient temperature decreased 

from 30oC to 0oC (F1,79 = 147.67, P<0.001), while controlling for any influence of body 

mass (F1,79 = 21.16, P<0.001). Across all temperatures, white-footed mice had greater 

thermal conductance compared to HA and LA deer mice (F2,79 = 16.43, P<0.001), which 
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led to greater changes in body temperature after moderate cold exposure (p<0.05). 

Acclimation to CH had no effect on thermal conductance (F1,79 = 0.866, P=0.355) (Table 

2.1). 

 

[13C]- palmitic acid oxidation 

We directly quantified the oxidation of an individual fatty acid by labelling the fat 

stores in a subset of LA and HA deer mice using [13C]-palmitate and trapping exhaled 

13CO2 during submaximal thermogenic trials. We found, similar to whole-animal lipid 

oxidation, that [13C]-palmitate oxidation rates increased 3-fold as ambient temperatures 

declined from 30oC to 0oC (p<0.05). However, in contrast to whole-animal lipid oxidation 

rates, CH acclimation led to an increase in [13C]-palmitate oxidization (p<0.05). 

Specifically, at 30oC [13C]-palmitate oxidation increased in CH acclimated HA mice 

compared to their WN controls (p<0.05) (Fig. 2.2B). 

 

Circulating plasma non-esterified fatty acids 

To understand if substrate use was reflected in changes of circulating plasma non-

esterified fatty acids (NEFAs), we determined levels of total and individual circulating 

NEFAs (Fig. 2.2C and Fig. 2.3). Overall, plasma concentrations of total circulating 

NEFAs did not change as ambient temperature decreased (p>0.05), nor were there any 

significant effects of population (p>0.05) or acclimation (p>0.05) (Fig. 2.2C).  
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Similar to total NEFA, plasma concentrations of palmitate (16:0) and stearate (18:0) 

showed no differences between populations, acclimation or with changes in ambient 

temperature (p>0.05; Fig. 2.3A and Fig. 2.3C). In contrast, palmitoleate (16:1) was ~47% 

higher in LA deer mice than HA deer mice at 30oC (p<0.05). The concentration of 

palmitoleate was also significantly higher in CH acclimated mice at 0oC (p<0.05; Fig. 

2.3B). Elaidate (18:1n9t) concentrations were found to be higher in HA deer mice, while 

oleate (18:1n9c) concentrations were higher in LA deer mice (p<0.05; Fig. 2.3D; Fig. 

2.3E). Concentrations of oleate were also significantly greater in CH acclimated mice at 

0oC but significantly greater in WN animals at 30oC (p<0.05) (Fig. 2.3E). Linoleate 

(18:2n6c) concentrations were relatively constant with no significant effect of acclimation 

or temperature (p>0.05); however, generally HA mice had higher levels of linoleate 

compared to LA mice (p<0.05; Fig. 2.3F). 

 

Whole animal lipid oxidation at cold-induced V̇O2max 

Thermogenic capacity was assessed by measuring cold-induced V̇O2max. We 

determined V̇O2 and lipid oxidation rates at V̇O2max in both normoxia and hypoxia. After 

accounting for differences in body mass (F1,135 = 16.93, P<0.001), we found that V̇O2max 

was higher in normoxia compared to hypoxia (F1,135 = 353.22, P<0.001). After CH 

acclimation, V̇O2max increased (F1,135 = 201.44, P<0.001), but there were no significant 

population differences (F2,135 = 2.80, P=0.064) (Fig. 2.4A). 

RER at V̇O2max was higher in normoxia compared to hypoxia (F1,136 = 9.46, 

P<0.001). There was a significant population × acclimation × test condition interaction in 
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RER (F1,136 =3.80, P=0.025), where WN HA mice tested in normoxia had greater RERs 

than WN HA mice, CH white-footed mice and WN white-footed mice when tested in 

hypoxia (p<0.05). In normoxia, there was a significant population × acclimation 

interaction (F2,40 = 4.10, P=0.024), where CH acclimation led to a decrease in RER in HA 

mice (p<0.05), while WN LA mice had lower RERs than WN HA mice (p<0.05). In 

hypoxia, RER was not different among populations or with acclimation environment 

(Fig. 2.4B).   

Whole-animal lipid oxidation rates at V̇O2max were higher in normoxia compared to 

hypoxic conditions (p<0.05). In addition, mice acclimated to CH had greater lipid 

oxidation rates compared to WN individuals (p<0.05). In normoxia, HA deer mice 

acclimated to CH displayed higher lipid oxidation rates compared to WN white-footed 

mice (p<0.05). In hypoxia, HA deer mice had higher lipid oxidation rates than LA mice, 

and CH acclimation led to an increase lipid oxidation (p<0.05; Fig. 2.4C).  

 

2.5 DISCUSSION 

 

The main objective of this study was to determine the substrate utilization necessary 

to support both moderate and maximal intensities of thermogenesis in LA and HA native 

Peromyscus mice and how this utilization is influenced by acclimation to CH, simulating 

high altitude. We found that both deer mice and white-footed mice significantly increase 

whole body lipid oxidation rates from thermoneutral (30oC) to moderate cold (0oC) to 

support heat production. At 0oC, lipid oxidation accounted for the majority of total V̇O2 

but did not differ among the three mouse populations. There was also no effect of CH 
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acclimation on the proportional use of lipid oxidation at this moderate cold exposure. 

However, when the oxidation of a major circulating free fatty acid was measured directly 

through 13CO2 production, we found CH acclimation led to a significant increase in 

palmitate oxidation at 30oC when compared to WN acclimated controls. At cold-induced 

V̇O2max under hypoxia, we found whole-animal lipid oxidation rates were elevated two- 

to four-fold above moderate cold in WN and CH acclimated HA deer mice, respectively. 

This population also showed a significant effect of CH acclimation leading to higher 

whole-animal lipid oxidation at V̇O2max in normoxia. These results demonstrate that 

lipid oxidation is the major fuel supporting thermogenesis in deer mice, even at maximal 

cold-induced metabolic rates. Indeed, rates of lipid oxidation that support heat production 

at 0oC are similar or greater than maximal rates observed during moderate exercise 

intensities (33). Furthermore, oxidation rates to support maximal thermogenesis were 2.5 

to 5.2-fold greater than maximal rates of lipid oxidation during exercise (21; Fig. 2.5) and 

the highest mass-specific lipid oxidation rates reported for any mammal (1, 33, 49, 61). 

 

Submaximal and Maximal Thermogenic Metabolism  

Thermoregulation allows for endotherms to balance rates of heat production and heat 

loss to maintain consistent body temperatures (54). To maintain stable body temperatures 

as ambient temperatures decrease, there must be an increase of both V̇O2 and substrate 

availability to match the increased metabolic demand of thermoregulation (38, 57). We 

observed as the need for heat generation increased, there was an increase in metabolic 

rate, but RERs remained constant and between 0.7 and 0.8 in all mice. Mice also showed 
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a decline in thermal conductance that reduced rates of heat loss as ambient temperature 

decreased from thermoneutral (30oC) to moderate cold (0oC) temperatures (Fig. 2.1; 

Table 2.1), consistent with previous studies on small mammals (13, 14, 16, 48, 69). 

Interestingly, when exposed to moderate cold, both HA and LA deer mice had the same 

V̇O2 and RERs, suggesting a specific amount of energy and fuel required for submaximal 

thermogenic demand, which was maintained even after acclimation to CH.  

When cold-induced V̇O2max was stimulated, RER remained low suggesting fuel 

utilization did not change between moderate and maximal thermogenic requirements, 

despite the large change in metabolic rate (Fig. 2.4A,B). Previous research has shown an 

adaptive advantage for high aerobic capacity in HA deer mice (29), and that wild HA 

mice maintain higher hypoxic V̇O2max than their LA conspecifics when tested in their 

native environments (19). We did not find a significant difference in thermogenic 

capacity between laboratory born and raised HA and LA mice (Fig. 2.4A). These results 

are consistent with previous measurements of hypoxic V̇O2max in WN and CH 

acclimated deer mice (57, 58). However, when deer mice were acclimated to warm 

hypoxia, HA mice did show higher hypoxic V̇O2max than both LA deer mice (57), and 

white-footed mice (58). Although the combined effects of cold hypoxia can have 

opposing effects on thermogenesis in laboratory mice (5), we found CH acclimation 

significantly increased V̇O2max in all populations. Given the evidence that higher 

thermogenic capacities are under directional selection in deer mice at high altitude (29), 

having the ability to elevate thermogenic capacity in response to cold would be adaptive 

for surviving alpine environments.  
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Whole animal lipid oxidation rates 

The substrates used by mammals to support thermogenesis, and the rate they are 

oxidized to support heat production, has received little attention. Here we provide data on 

substrate use during moderate cooling and at peak thermogenesis in Peromyscus. All 

mice fuelled submaximal thermogenesis primarily with lipids, which contributed between 

70 to 93% of total metabolism. At thermoneutrality, lipids supported only 59% of total 

energy requirements in white-footed mice after CH acclimation (Fig. 2.1B). Nonetheless, 

these mice used lipid oxidation to a proportionally greater extent to power thermogenesis 

than previously observed in rats exposed to 5oC (Fig. 2.5; 43).  

During moderate rates of thermogenesis, lipid oxidation rates were equivalent to 

maximal rates observed during aerobic locomotion in the same species (Fig. 2.5; 22). 

Data from a number of low altitude native mammals (humans, mice rats, goats and dogs) 

show that substrate use during exercise follows a predictable pattern, where rates of lipid 

oxidation plateau at moderate intensities (52). At higher exercise intensities, lipid use 

does not increase, even when fatty acid availability is artificially increased (26). 

However, we show that during thermogenesis in deer mice, lipid oxidation continues to 

increase and support higher metabolic rates to levels that are 5-fold higher than those 

observed during exercise in this species (Fig. 2.5). These high rates of lipid oxidation 

support both the activation of BAT metabolism and high rates of muscle shivering. The 

degree that these tissues rely on either endogenous or circulatory sources of lipid fuel is 

currently unclear. It is important to note that we determined lipid oxidation by indirect 
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calorimetry, which can become unreliable when animals leave steady state conditions at 

higher metabolic rates (49). However, given the linear relationship between V̇O2 and total 

ventilation across a range of thermogenic intensities (48) and ventilatory equivalents that 

never reach anaerobic threshold (46, 70), our data suggests that thermoregulating mice in 

this study were in steady state metabolism, even at cold-induced V̇O2max (Fig. 2.S1, 

Table 2.S1 and Table 2.S2; Supplemental Material for this article can be found online at 

https://doi.org/10.6084/m9.figshare.13564784). 

The oxidation of [13C]-palmitate was also directly quantified during moderate cold 

exposures. From thermoneutral to moderate cold, we observed a three-fold increase of 

[13C]-palmitate oxidation (Fig. 2.2B), directly reflecting the increase in whole-animal 

lipid oxidation (Fig. 2.2A). However, while total lipid oxidation was unaffected by 

acclimation in HA mice, [13C]-palmitate oxidation was higher in CH acclimated HA 

mice. Interestingly, plasma concentrations of palmitate did not track changes in its 

oxidation but remained stable with acute changes in temperature and with CH acclimation 

(Fig. 2.3A). This mismatch between whole-body palmitate oxidation and circulating 

palmitate concentrations with thermogenic demand may shed some light on how fatty 

acids are utilized to match demand for heat production. While difficulty in interpreting 

experimentally induced changes in blood metabolites has been highlighted by others (39), 

we suggest two potential explanations for our data. The first explanation suggests that 

rates of palmitate disappearance into active tissues are tightly matched with rates of 

appearance into plasma. The second explanation suggests CH leads to greater use of 

palmitate from endogenous lipid stores within thermo-effector tissues, such as muscle 
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and/or BAT. Measuring flux of circulating fatty acids, along with the oxidation of both 

circulatory and intracellular sources of lipid will provide a deeper understanding of how 

lipid depots are used during thermogenesis. 

Total plasma NEFA levels also remained constant, a reflection of changes in those 

individual fatty acids with high percent contributions to total NEFA (e.g., palmitate and 

stearate) (Fig. 2.2C; Fig. 2.3). However, HA mice showed higher plasma concentrations 

of elaidate and linoleate, but lower concentrations of palmitoleate and oleate, compared to 

LA deer mice (Fig 2.3). Acclimation to CH led to a selective increase in plasma levels of 

palmitoleate and oleate at 0oC and a decrease in oleate at 30oC. These findings suggest a 

population, acclimation, and temperature-specific mobilization of specific NEFA in deer 

mice. 

At peak rates of thermogenesis, lipids were the predominant fuel used by all mice, 

regardless of altitude ancestry. Lipids constituted 67 to 100% to total oxygen use, 

regardless of acclimation environment (Fig. 2.4B). In hypoxia, highlanders showed higher 

lipid oxidation rates than lowland deer mice at V̇O2max, which further increased with CH 

acclimation (Fig. 2.4C). The capacity for high rates of lipid oxidation is likely an 

important feature of the HA phenotype, and along with an elevated V̇O2max (29), 

increases the probability of winter survival in HA deer mice. Similar to differences in 

V̇O2max (19), lipid oxidation in hypoxia was higher in HA deer mice due to a combined 

effect of phenotypic plasticity, overlaid upon genetic differences in maximal rates of fuel 

use. When the constraint of hypoxia was removed and thermogenic capacity was 
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determined in normoxia, lipid oxidation at V̇O2max increased with CH in highlanders, to 

the highest mass-specific rates recorded for any mammal (Fig. 2.4C).  

Mice used proportionally more lipids in hypoxia than in normoxia, with this fuel 

accounting for almost 100% of V̇O2 in some instances. These observations may appear 

paradoxical, given the higher ATP yield per mole of O2 afforded by carbohydrate 

oxidation (9, 63) and their increased use with exercise observed in highland native mice 

(33, 53). However, the efficiency advantage of carbohydrates as a fuel is likely 

outweighed by the need of critical tissues for this limited resource (35). Instead, 

mobilization and utilization of lipids is increased in response to a prolonged need for 

metabolic heat production, even in face of low O2 availability. Lipid reserves are in 

abundance in mammals (36) and could sustain prolonged thermogenesis at an 

ecologically relevant alpine ambient temperature of 0oC (Western Regional Climate 

Centre), for up to 71 hours, assuming ~4g of stored lipids (20% of a 20g mouse). Our 

findings also suggest that even at maximal rates of heat production, onboard lipids would 

last up to 16 hours until fully depleted. These liberal estimates assume all lipids are 

accessible to the thermo-effector tissues. Nevertheless, mice are capable of oxidizing 

lipids at very high rates by delivering fatty acids to working mitochondria. How this 

process occurs is a fruitful area of future research.   

 

The Lipid Oxidation Pathway 

Elevated rates of lipid oxidation to support moderate and maximal rates of heat 

production require sufficient capacities for mobilization, transport, and oxidation to 
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supply free fatty acids to working mitochondria. During exercise, maximal lipid oxidation 

is thought to be limited by fatty acid uptake across the sarcolemma of working muscle 

(64, 66) and mitochondrial membranes (4, 56). Both of these potential limitations may be 

bypassed during thermogenesis. Unlike exercise, where skeletal muscle accounts for 

~80% of O2 and substrate use (2), thermogenesis in small mammals involves both 

shivering by skeletal muscle and non-shivering thermogenesis, principally in BAT. 

Perhaps thermogenic tissues increase reliance on intracellular stores of lipids for fuelling 

thermogenesis. For example, BAT increases intracellular lipolysis with cold stress in both 

humans and rats (7, 8, 32). Alternatively, cold stress may stimulate increased blood flow 

and increased capacity for fatty acid uptake for BAT and shivering muscle (6). 

Acclimation to CH would further amplify these differences by increasing BAT activity 

and increasing capacity for lipid transport and oxidation in BAT and muscle. Thus, 

differences in fuel use between exercise and thermogenesis may involve the relative 

contributions of these energy consuming tissues involved (21, 42). Indeed, further 

research is needed to understand the mechanisms involved and determine how these 

components of the lipid oxidation pathway are regulated during thermogenesis.  

 

2.6 PERSPECTIVES AND SIGNIFICANCE 

We report that lipid oxidation is the primary fuel supporting both moderate and 

maximal rates of thermogenesis in both deer mice and white-footed mice. Rates of lipid 

oxidation also reflect the higher thermogenic capacity in hypoxia of HA deer mice, 

suggesting capacity for high lipid use has also evolved in this environment. In addition, 

we show that rates of lipid oxidation during thermogenesis are much higher than during 
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exercise and report the highest mass-specific rates, observed in any land-dwelling 

mammal, to our knowledge. These results highlight a need to understand how lipid 

oxidation is regulated during high rates of metabolic heat production. For example, it is 

unknown how the limitation to maximal lipid oxidation observed during exercise is 

circumvented when animals are thermoregulating. We suggest the increased reliance on 

BAT activity is an important driver for the high reliance on lipid use during 

thermogenesis; however, NST occurring in BAT accounts for ~50-60% of cold-induced 

V̇O2max in deer mice (62) suggesting lipids used for shivering is more than twice that is 

observed during exercise (33). Rates of lipid use by shivering muscles are likely much 

higher than those observed during exercise. How these higher rates of oxidation are 

achieved are currently unclear. Animals in chronically cold environments, such as the 

high alpine, would also require a consistent supply of dietary nutrients to maintain the 

observed elevated daily metabolic rates (28). However, we know little about food sources 

available to HA deer mice or how they may differ from those at lower elevations. These 

next steps will provide a deeper understanding of how thermoregulation can raise the 

ceiling for fat oxidation, and ultimately provide more insight as to how these deer mice 

can survive the challenging environment of high-altitude. 
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Figure 2.1 
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Figure 2.1. Oxygen consumption (V̇O2) (in ml g-1 min-1) (A) and Respiratory 

Exchange Ratio (RER= V̇CO2/V̇O2) (B) of first-generation laboratory born and 

raised highland and lowland Peromyscus mice, acclimated to control warm 

normoxia (23oC, 21 kPa O2; WN) or cold hypoxia (5oC, 12 kPa O2; CH), and then 

exposed acutely to ambient temperatures of 30oC and 0oC. A) V̇O2 showed a 

significant effect of ambient temperature (F1,79 = 376.12, P<0.001), and population (F2,79 

= 11.48, P<0.001), while controlling for differences in body mass (F1,79 = 16.08, 

P<0.001). At 0oC there was a significant population effect (F2,39 = 5.69, P=0.007). At 

30oC there was a main effect of population on V̇O2 (F2,39 = 7.59, P=0.002). B) For RER 

there was a significant population x acclimation interaction (F2,80 = 6.12, P=0.003). At 

30oC there was a significant population x acclimation interaction (F2,40 = 4.33, P=0.020). 

Symbols representing significant differences result from Holm Sidak post hoc tests 

(p<0.05). ‡Significant difference between test temperatures. *Highland and lowland deer 

mice are significantly different than white-footed mice. †Significant difference between 

CH lowlanders and CH white-footed mice at 30oC. N=5 for WN and CH white-footed 

mice; N= 10 and 9 for WN and CH lowland deer mice, respectively; N= 9 and 8 for WN 

and CH highland deer mice, respectively. Data are presented as mean ± SEM.  
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Figure 2.2 
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Figure 2.2. Whole-animal lipid oxidation rates (in µmol g-1 h-1) (A), rates of [13C]-

palmitate oxidation (in nmol g-1 h-1) (B) and concentrations of circulating plasma 

Non-Esterified Fatty Acids (NEFAs, in µmol L-1) (C) of first-generation laboratory 

born and raised highland and lowland Peromyscus mice, acclimated to control warm 

normoxia (23oC, 21 kPa O2; WN) or cold hypoxia (5oC, 12 kPa O2; CH), and exposed 

acutely to ambient temperatures of 30oC and 0oC. A) Whole-animal lipid oxidation 

rate showed a significant effect of ambient temperature (F1,79 = 123.77, P<0.001) and 

population (F2,79 = 3.51, P=0.035) while controlling for differences in body mass (F1,79 = 

3.95, P=0.050). At 30oC there was a significant population effect (F2,39 = 5.88, P=0.006) 

while controlling for body mass (F1,39 = 0.236, P=0.630). B) [13C]-palmitate oxidation 

showed a significant effect of ambient temperature (F1,35 = 157.30, P<0.001) and 

acclimation (F1,35 = 12.21, P=0.001) while controlling for body mass (F1,35 = 0.044, 

P=0.835). At 30oC there was a significant population x acclimation interaction (F1,17 = 

6.59, P=0.020), and significant acclimation effect (F1,17 = 14.82, P=0.001), all while 

controlling for body mass (F1,17 = 0.000, P=0.999). Symbols representing significant 

differences result from Holm Sidak post hoc tests (p<0.05). ‡Significant difference 

between test temperatures. *Highland and lowland deer mice are significantly different 

than white-footed mice. †Significant difference between highland acclimation groups at 

30oC. A) N=5 for WN and CH white-footed mice; N= 10 and 9 for WN and CH lowland 

deer mice, respectively; N= 9 and 8 for WN and CH highland deer mice, respectively. B) 

N=7 and 5 for WN and CH lowland deer mice, respectively; N= 8 and 4 for WN and CH 

highland deer mice, respectively. C) N=8-9 for WN and 5 for CH lowland deer mice, 

respectively; N= 9-10 and 4 for WN and CH highland deer mice, respectively. All data 

are presented as mean ± SEM. 
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Figure 2.3 
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Figure 2.3. Concentrations of individual plasma fatty acids (in µmol L-1) of first-

generation laboratory born and raised highland and lowland deer mice (Peromyscus 

maniculatus), acclimated to control warm normoxia (23oC, 21 kPa O2; WN) or cold 

hypoxia (5oC, 12 kPa O2; CH), acutely exposed to ambient temperatures of 30oC and 

0oC. Palmitic acid (16:0) (A); Palmitoleic acid (16:1) (B); at 0oC there was a significant 

acclimation effect (F1,23 = 12.99, P=0.001) while at 30oC there was a significant 

population effect (F1,23 = 6.70, P=0.015). Stearic acid (18:0) (C); Elaidic acid (18:1n9t) 

(D); at 30oC there was a significant population effect (F1,23 = 4.96, P=0.036). Oleic acid 

(18:1n9c) (E); at 0oC there was a significant acclimation effect (F1,23 = 19.66, P<0.001) 

while at 30oC there was a significant population effect (F1,23 = 5.77, P=0.025) and 

acclimation effect (F1,23 = 4.91, P=0.037). Linoleic acid (18:2) (F). Symbols representing 

significant differences result from Holm Sidak post hoc tests (p<0.05). *Main population 

effect within a given test temperature. †Main acclimation effect within a given test 

temperature. N=8-9 for WN and 5 for CH lowland deer mice, respectively; N = 9-10 and 

4 for WN and CH highland deer mice, respectively. Data are presented as mean ± SEM. 
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Figure 2.4 
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Figure 2.4. Cold-induced maximal oxygen consumption (V̇O2) (in ml g-1 min-1) (A) 

with the corresponding Respiratory Exchange Ratios (RER= V̇CO2/V̇O2) (B) whole-

animal lipid oxidation rates (in µmol g-1 hr-1) (C) of first-generation laboratory born 

and raised highland and lowland Peromyscus mice, acclimated to control warm 

normoxia (23oC, 21 kPa O2;WN) or cold hypoxia (5oC, 12 kPa O2; CH), acutely 

exposed to normoxia (21% O2) or hypoxia (12% O2). A) There was a significant effect 

of condition on cold-induced V̇O2max (F1,135 = 353.22, P<0.001) while controlling for the 

effects of body mass (F1,135 = 16.93, P<0.001). White-footed mice weighed significantly 

more than both highland and lowland deer mice, regardless of acclimation environment 

(p<0.05). There was a significant effect of acclimation on cold-induced V̇O2max in 

normoxic (F1,39 = 48.85, P<0.001) and hypoxic (F1,95 = 170.33, P<0.001) conditions. B) 

Under normoxic conditions, there was a significant population × acclimation interaction 

in RER (F2,40 = 4.10, P=0.024). C) Lipid oxidation rates showed a significant effect of 

V̇O2max condition (F1,135 = 43.74, P<0.001) and acclimation (F1,135 = 55.00, P<0.001). 

There was a significant interaction between population, acclimation and V̇O2max 

condition (F1,135 =6.93, P=0.001). All factors had mass as a covariate (F1,135 = 6.33, 

P=0.013). In normoxia, there was a significant interaction between population and 

acclimation (F2,39 = 4.62, P=0.016) while controlling for mass (F1,39 = 0.202, P=0.656). In 

hypoxia, there was a significant effect of population (F2,95 = 3.16, P=0.047) and 

acclimation (F1,95 = 44.06, P<0.001) whilst controlling for differences in body mass (F1,95 

= 16.68, P<0.001). Symbols representing significant differences result from Holm Sidak 

post hoc tests (p<0.05). ‡Significant difference between cold-induced V̇O2max 

conditions. *Highlanders significantly differ from lowland deer mice within hypoxic 

cold-induced V̇O2max conditions. †Main acclimation effect within a given cold-induced 

V̇O2max condition. ¥ WN highland deer mice significantly differ from CH highland and 

WN lowland deer mice, within the normoxic V̇O2max condition. XWN highlanders and 

WN white-footed mice significantly differ from CH highlanders within the normoxic 

V̇O2max condition. N=5-15 for WN white-footed mice (mass (in g) = 24.8 ± 1.7 and 26.5 

± 1.0 for normoxia and hypoxia, respectively) and CH white-footed mice (mass (in g) = 

27.6 ± 1.7 and 26.7 ± 1.0 for normoxia and hypoxia, respectively). N = 9-19 for WN 

lowland deer mice (mass (in g) = 20.8 ±1.2 and 20.7 ±1.0 for normoxia and hypoxia, 

respectively) and CH lowland deer mice (mass (in g) = 17.9 ± 1.3 and 20.2 ± 0.9 for 

normoxia and hypoxia, respectively). N= 8-21 for WN highland deer mice (mass (in g) = 

22.0 ± 1.3 and 20.3 ± 0.8 for normoxia and hypoxia, respectively) and CH highland deer 

mice (mass (in g) = 19.5 ± 1.3 and 21.5 ± 0.9 for normoxia and hypoxia, respectively). 

Data are presented as mean ± SEM. Mass and V̇O2max in hypoxia data from Tate et al., 

2020.  
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Figure 2.5 
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Figure 2.5. Mass-specific lipid oxidation rates as a function of metabolic rate at 30oC, 

15oC, 0oC and normoxic cold-induced V̇O2max in warm normoxia (23oC, 21 kPa O2) and 

cold hypoxia (5oC, 12 kPa O2)  acclimated high-altitude deer mice (this study) compared 

to those during submaximal aerobic exercise in running humans (1), dogs (49) and deer 

mice (33) and with moderate shivering thermogenesis in rats (dark circle represents lipid 

oxidation but only during shivering thermogenesis) (61). 
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CHAPTER 3: THERMOGENESIS IS SUPPORTED BY HIGH RATES OF 

CIRCULATORY FATTY ACID AND TRIGLYCERIDE DELIVERY IN 

HIGHLAND DEER MICE 

Modified and reproduced with permission from Lyons, S.A., and McClelland G.B. 

(2022). J Exp Biol 225, 2022. doi: 10.1242/jeb.244080. 

 

3.1 ABSTRACT 

Highland native deer mice (Peromyscus maniculatus) have greater rates of lipid 

oxidation during maximal cold challenge in hypoxia (hypoxic cold-induced V̇O2max) 

compared to their lowland conspecifics. Lipid oxidation is also increased in deer mice 

acclimated to simulated high altitude (cold hypoxia), regardless of altitude ancestry. The 

underlying lipid metabolic pathway traits responsible for sustaining maximal thermogenic 

demand in deer mice is currently unknown. The objective of this study was to 

characterize key steps in the lipid oxidation pathway in highland and lowland deer mice 

acclimated to control (23oC, 21kPa O2) or cold hypoxic (5oC, 12kPa O2) conditions. We 

hypothesized that capacities for lipid delivery and tissue uptake will be greater in 

highlanders and further increase with cold hypoxia acclimation. With the transition from 

rest to hypoxic cold-induced V̇O2max, both highland and lowland deer mice showed 

increased plasma glycerol concentrations and fatty acid availability. Interestingly, 

acclimation to cold hypoxia led to increased plasma triglyceride concentrations at cold-

induced V̇O2max, but only in highlanders. Highlanders also had significantly greater 

delivery rates of circulatory free fatty acids and triglycerides due to higher plasma flow 

rates at cold-induced V̇O2max. We found no population or acclimation differences in 

fatty acid translocase (FAT/CD36) abundance in the gastrocnemius or brown adipose 

tissue, suggesting that fatty acid uptake across membranes is not limiting during 
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thermogenesis. Our data indicate that circulatory lipid delivery plays a major role in 

supporting the high thermogenic rates observed in highland versus lowland deer mice. 

 

3.2 INTRODUCTION 

The constant cold of high altitude places a high demand for aerobic heat production 

on mammals living in these environments. Small highland native endotherms must also 

contend with the high rates of heat loss due to their unfavorably large surface area to 

volume ratios compared to larger species. To counteract the rapid heat loss to the cold 

high alpine conditions and remain active, these small endotherms must elevate heat 

production in the face of low environmental oxygen levels. Indeed, field metabolic rates 

determined for wild highland deer mice (Peromyscus maniculatus; Wagner 1845) were 

higher than those living at low altitude, even during the summer months (Hayes, 1989). 

An elevated cold-induced maximal oxygen consumption in hypoxia (hypoxic cold-

induced V̇O2max, thermogenic capacity) has been associated with increased survival in 

deer mice living at high altitude (Hayes and O’Connor, 1999). This likely explains why 

highland deer mice have higher hypoxic cold-induced V̇O2max than lowland deer mice 

(Cheviron et al., 2012). The higher thermogenic capacity observed in highland deer mice 

is supported by an increased capacity for O2 delivery to thermo-effector tissues (Tate et 

al., 2017; Tate et al., 2020). These higher rates of O2 delivery support higher rates of 

substrate oxidation, with lipids being the principal fuel for thermogenesis in these mice 

(Cheviron et al., 2012; Lyons et al., 2021). Indeed, the rates of lipid oxidation during 

peak thermogenesis in highland deer mice are higher than during exercise (Lau et al., 

2017) and the highest observed for mammals (Lyons et al., 2021). However, the 
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underlying mechanisms that allow for these high rates of lipid oxidation to support heat 

production are currently unclear.  

In eutherian mammals such as deer mice, facultative thermogenesis occurs by two 

main metabolic processes, shivering thermogenesis and non-shivering thermogenesis 

(NST). Higher hypoxic cold-induced V̇O2max in highland versus lowland deer mice are 

the result of higher rates of both shivering and NST (Robertson and McClelland, 2019; 

Coulson et al., 2021) and increases in thermogenic capacity are accompanied by increases 

in lipid oxidation (Lyons et al., 2021). Moreover, only highlanders demonstrate higher 

rates of NST in response to the chronic cold hypoxia experienced at high altitude (Velotta 

et al., 2016; Coulson et al., 2021), suggesting that the capacity for substrate oxidation is 

also affected by chronic cold hypoxia. The prolonged need for heat production can be 

maintained using the relative large lipid stores in mammals (Weber, 2011), and highland 

mice tend to have higher body fat compared to lowlanders (Robertson and McClelland, 

2021). Indeed, the more limited carbohydrate stores would likely be depleted in only ~15 

- 20min, even at metabolic rates for moderate thermogenesis (McClelland et al., 2017). 

Interestingly, despite their abundance, lipid use is limited during locomotion and rates of 

fatty acid oxidation plateau at moderate intensities of aerobic exercise in mammals 

(Schippers et al., 2014; Lau et al., 2017). Therefore, the high rates of lipid use for 

thermogenesis compared to exercise would require deer mice to further increase lipid 

availability to thermo-effector tissues for oxidation.   

The pathway for lipid use is a complex multistep process that can be regulated at 

many pathway steps, from mobilization from storage depots to oxidation in working 
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tissues. Thermo-effector tissues can rely on lipids delivered by the circulation from 

extracellular supplies, mainly stored as triglycerides in white adipose tissue (WAT) and 

circulating triglycerides (TGs), or these tissues can use their intracellular supplies, stored 

as triglyceride-rich lipid droplets in skeletal muscle and brown adipose tissue (BAT). 

Circulatory delivery of non-esterified fatty acids (NEFAs) depends on plasma NEFA 

concentration and the rate of plasma flow to working tissues (plasma flow = 

𝑐𝑎𝑟𝑑𝑖𝑎𝑐 𝑜𝑢𝑡𝑝𝑢𝑡 ×  (1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡))  (McClelland et al., 1994). Uptake into working 

muscle and BAT is facilitated by membrane transport through the fatty acid translocase 

(FAT/ CD36), and then through the cytosol by fatty acid binding proteins (FABP) 

(reviewed in McClelland, 2004). Indeed, the capacity for circulatory and membrane 

transport has been shown to correlate with organismal and/or tissue oxidative capacity in 

mice and other mammals (McClelland et al., 1994; Bonen et al., 2000; Bradley et al., 

2012; Templeman et al., 2012). Tissue capacity for oxidation of delivered NEFA depends 

on mitochondrial volume density and the capacity of mitochondria for ß-oxidation of fatty 

acids. In muscle, fatty acids are transported into mitochondria to provide ATP to power 

shivering, while in BAT, fatty acids activate uncoupling protein 1 (UCP-1) and provide 

substrate for powering the futile cycling mechanisms involved with non-shivering 

thermogenesis. Some, or all, of these steps may be a target of selection for increased lipid 

use to support enhanced rates of thermogenesis in highland deer mice. Different steps 

may also respond to cold hypoxia acclimation to alter pathway flux at high altitude. 

The objective of this study was to examine key steps of the lipid metabolic pathway 

that may contribute to the higher thermogenic capacity in hypoxia of highland deer mice 
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compared to their lowland counterparts. We compared first generation laboratory born 

and raised highland and lowland deer mice acclimated to warm normoxic conditions or to 

cold hypoxic conditions simulating high altitude. We hypothesize that the differences in 

lipid oxidation rates during hypoxic cold-induced V̇O2max between highland and lowland 

deer mice are due, in part, to differences in the capacity for mobilization, circulatory 

delivery and uptake of fatty acids into thermo-effector tissues. We further hypothesize 

that acclimation to cold hypoxic conditions increases the capacity of the lipid pathway to 

deliver, uptake and oxidize fatty acids in thermo-effector tissues in highland deer mice. 

 

3.3 METHODS 

Animals and acclimation groups 

Wild-caught highland native (HA) deer mice (Peromyscus maniculatus rufinus) were 

trapped at high altitude at the summit of Mount Evans CO (4,350m a.s.l.) while lowland 

native (LA) deer mice (Peromyscus maniculatus nebracensis) were trapped at low 

altitude in Nine-mile Prairie, NE, USA (320m a.s.l.). Wild mice were transferred to 

McMaster University (90m a.s.l.) and housed in common laboratory conditions at ~23oC, 

a 12:12h light:dark cycle, with food and water ad libitum. Mice were bred within their 

respective population to produce first generation laboratory-born and raised mice. Mice 

used in this study were a mix of both males and females of at least 6 months of age and 

highland and lowland individuals were randomly assigned to one of two acclimation 

groups, warm normoxia (WN, 23oC and 760mmHg) or cold hypoxia (CH, 5oC and 

480mmHg), using hypobaric chambers (McClelland et al., 1998; Lyons et al., 2021) in a 
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climate-controlled room, simulating an altitude of ~4300m. For acclimation to CH, deer 

mice were first housed at 5oC for 24 hours at normobaria before being placed in 

hypobaric chambers. Mice in cold hypoxia were returned to normobaria in cold for a brief 

period (less than 1 hour per week) for cage cleaning and replenishing food and water. All 

procedures were approved by the McMaster University Animal Research Ethics Board in 

accordance with guidelines set by the Canadian Council on Animal Care.  

 

Mouse Tissue Sampling 

 Tissues were sampled under one of two conditions: at rest or immediately after 

mice had reached hypoxic cold-induced V̇O2max. To sample in resting conditions, deer 

mice were placed into a ~600 ml respirometry chamber at their acclimation temperature 

and allowed to settle for ~30 minutes undisturbed as outside air was pushed into the 

chamber at 600 ml min-1 using a mass-flow controller (Sable Systems, Las Vegas, NV, 

USA). After this adjustment period, 5% isoflurane was flowed into the chamber at 600 ml 

min-1 until the mouse was unconscious, then removed from the chamber for cervical 

dislocation and decapitation. Mice were also sampled immediately after an hypoxic cold-

induced V̇O2max trial (conditions described in Lyons et al., 2021), In brief, hypoxic cold-

induced V̇O2max was determined by pushing heliox (12% O2, 88% He) at 1000 ml min-1 

using mass flow meters and controllers (Sierra Instruments, Monterey, CA; MFC-4, Sable 

Systems, NV) through copper coils housed inside a temperature control cabinet and into a 

respirometry chamber (~500 ml) cooled to -10oC. Mice were exposed for ~15 min until it 

was determined V̇O2max was achieved as previously described (Lyons et al., 2021) 
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before being euthanized by introducing 5% isoflurane into the chamber, followed by 

cervical dislocation and decapitation for blood and tissue collection.  

Blood samples were centrifuged at 10,000 × g to separate plasma from erythrocytes 

and other blood cells. Plasma was quickly frozen in liquid nitrogen and then stored at -

80oC until analysis. Other tissues were sampled within 5 minutes of euthanasia in the 

following order, right gastrocnemius, right soleus, interscapular BAT (iBAT), right 

inguinal white adipose tissue (ingWAT), left ingWAT, and left gastrocnemius. The right 

gastrocnemius, right soleus and right ingWAT of mice sampled at rest were set aside for 

experiments described below. The rest of the tissues were quickly frozen between two 

aluminum plates cooled in liquid nitrogen and then stored at -80oC until future 

measurements. 

 

White Adipose Tissue Lipolytic Capacity 

Lipolytic rate of WAT was assessed in vitro using methods reported previously 

(Price et al., 2008; Price et al., 2013) with some modifications. Briefly, fresh ingWAT 

was divided in two equal pieces, both were individually weighed, and then added to 

separate beakers containing 20 µl mg-1 of Krebs Ringer buffer (in mM: 119.78 NaCl, 15 

NaHCO3, 9.99 D-glucose, 4.56 KCl, 2.5 CaCl2 dihydrate, 1.5 sodium phosphate 

monobasic, 0.70 sodium phosphate dibasic, 0.49 MgCl2, and 4% w/v bovine serum 

albumin, pH 7.4) kept at 37oC. The tissue was minced with scissors and then the contents 

of each beaker was transferred to a separate 20 ml glass vial. In one vial norepinephrine 

(Millipore Sigma, St. Louis, MO) was added to a final concentration of 1 µM (Raclot and 
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Groscolas, 1993), the other vial received no norepinephrine and acted as an unstimulated 

control. Both control and norepinephrine treated vials were incubated at 37oC in a shaking 

water bath for 90min. At the end of the incubation, the solutions were passed through 

glass microfibre filters (VWR, West Chester, PA, USA) and the filtrate was stored at -

80oC for later determination of glycerol concentration. Glycerol concentration was 

measured using a serum triglyceride determination kit (Sigma-Aldrich, St. Louis) 

according to the instructions provided by the company. Briefly, 10µl of each filtrate was 

mixed with 250µl of glycerol free reagent and absorbance was determined at 540nm 

using a Spectromax Plus 384, 96-well microplate reader (Molecular Devices, Sunnyvale, 

CA). 

 

Plasma Glycerol, Triglycerides and Fatty Acids 

Concentrations of plasma glycerol and triglycerides were assessed using a 

triglyceride quantification assay kit (Sigma-Aldrich). Non-esterified fatty acid 

concentrations were determined by gas chromatography as previously described for deer 

mice (Lyons et al., 2021). 

 

Sample Preparation for Western Blotting and ELISA 

The protein expression of FAT/CD36 and FABP were determined using 

gastrocnemius muscle cytosolic and sarcolemmal fractions prepared as previously 

described (Templeman et al., 2012) with some minor modifications. Frozen tissue 
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samples were powdered using a liquid N2 cooled mortar and pestle and ~70 mg of tissue 

was homogenized using a glass-on-glass homogenizer in buffer (5µl mg-1 tissue) 

containing (in mM): 30 HEPES, 210 sucrose, 2 EGTA, 40 NaCl, and protease inhibitor 

cocktail (0.75 × volume). The homogenate was then centrifuged at 600 × g for 10 min at 

4oC, and the resulting supernatant was centrifuged at 10 000 × g for 20 min at 4oC. The 

resultant supernatant was diluted (0.75 × volume) with a buffer containing 1.167 M KCl 

and 58.3 mM Na4PPi at pH 7.4 and centrifuged at 230,000 × g for 2 hours at 4°C. The 

supernatant was collected as the cytosolic fraction and stored at -80oC, while the resulting 

pellet was resuspended in a buffer containing 10 mM Tris-HCl and 1 mM EDTA, at pH 

7.4. This suspension was combined with 16% SDS (0.33 × volume) and centrifuged at 

1100 ×  g for 20 min at room temperature, with the resulting supernatant collected as the 

sarcolemmal fraction and stored at -80oC.  

 

Tissue expression of FAT/CD36 

Western blotting was used to measure protein abundance of FAT/CD36 in whole 

tissue homogenates of gastrocnemius muscle and iBAT, as well as the sarcolemmal 

fraction of the gastrocnemius from deer mice sampled immediately after hypoxic cold-

induced V̇O2max. In brief, frozen gastrocnemius and BAT samples were powdered under 

liquid N2 as described above and homogenized in ice-cold RIPA buffer (in mM: 150 

NaCl, 50 Tris-HCl, 1% Triton X-100, 0.5% deoxycholic acid, 0.1% SDS, pH 8.0). Total 

homogenate protein concentrations were quantified using Bradford assay (Bio-Rad 

Laboratories Ltd, Mississauga, ON). To avoid interference of SDS in protein 
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quantification, sarcolemmal fraction protein was quantified using BCA assay (Thermo 

Fisher Scientific, Waltham, MA, USA). A total of 40 μg for gastrocnemius, 20 μg for 

BAT protein and 30 μg for gastrocnemius sarcolemmal fraction proteins were denatured 

by heating to 95oC for 5 minutes in Laemmli sample buffer (Bio-Rad) with β-

mercaptoethanol. Proteins were separated on 12% SDS PAGE gels and then transferred to 

a PVDF membrane using the Transblot Turbo Transfer System (Bio-Rad). Membranes 

were incubated overnight at 4oC with 5% skimmed milk in 1× phosphate buffered saline, 

0.1% Tween. On the following day, membranes were probed with primary antibody 

against FAT/CD36 (CD36 Polyclonal Antibody, Invitrogen, PA-16813) at a dilution of 

1:500 for 1 hour at room temperature, followed by an incubation with HRP-conjugated 

secondary antibody (goat anti-rabbit, Invitrogen, cat. # 31466) at dilution of 1:5000 for 1 

hour at room temperature. Band densities were detected by chemiluminescence and 

normalized to total lane protein determined using Coomassie blue. Images were taken and 

analyzed using a ChemiDoc MP Imaging System (Bio-Rad) and the Image Lab software 

package (Bio-Rad), respectively (Lui et al., 2015).  

 

Fatty Acid Binding Protein 

Concentration of H-FABP in the cytosolic fractions of gastrocnemius muscles was 

quantified using an enzyme-linked immunosorbent assay (ELIZA), similar to methods 

described in Templeman et al., (2012). Equal concentrations of total cytosolic protein 

(0.015µg) were assayed for each sample, using a commercial H-FABP ELIZA kit for 
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mice (HK413; Hycult Biotech, Uden, Netherlands). H-FABP protein levels are expressed 

relative to total cytosolic protein content.  

 

Intramuscular triglycerides 

Intramuscular triglyceride (IMTG) concentration was determined in the 

gastrocnemius muscle as described previously (McClelland et al., 1999). Briefly, ~25-50 

mg of powdered frozen muscle was weighed and placed in a glass tube containing 30 µL 

mg-1 of Folch (1:1 chloroform: methanol; Folch et al., 1957) and homogenized using a 

power homogenizer. Tubes were then shaken for 20 min, followed by a centrifugation at 

1811 × g for 10 min at room temperature. The resulting supernatant was then transferred 

to a new glass tube, while the pellet was washed with 1 mL of Folch and centrifuged 

again at 1811 × g. The supernatants were then combined, followed by the addition of 

chloroform (0.5 × volume), bringing the ratio to 2:1 chloroform: methanol. Next, 26.8 

mM KCl was added (0.25 × volume) and the mixture was centrifuged at 2500 rpm for 10 

min at room temperature. The aqueous phase (top layer) was discarded, and 2 ml of 

ethanol was added to the organic phase (bottom layer). The mixture was then evaporated 

completely under N2 gas at 40oC and resuspended in 250 µl of isopropanol. IMTG 

concentration was then assessed using the triglyceride quantification assay kit (Sigma-

Aldrich). 

 

Enzyme apparent Vmax 
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We measured the apparent maximal activities (Vmax) of -hydroxyacyl-CoA 

dehydrogenase (HOAD), citrate synthase (CS) and cytochrome c oxidase (COX) in the 

gastrocnemius. Activities of HOAD and COX were measured on fresh homogenates, 

while CS activity was measured after homogenates had been frozen and thawed three 

times. Approximately 30 mg of powdered tissue was homogenized on ice using a glass-

on-glass homogenizer in 20 volumes of homogenizing buffer containing 100mM 

potassium phosphate (pH 7.2), 5 mM EDTA, and 0.1% Triton X-100. Assays were 

performed at 37oC in triplicate, and controls for background activities were determined 

for each assay by omitting substrate. Assay conditions were as follows: COX: 0.1 mM of 

reduced cytochrome c (omitted in control) in 100 mM K2HPO4 (pH 7.0) at an absorbance 

of 550 nm. HOAD: 0.1 mM acetoacetyl-CoA (omitted in control), and 0.28 mM NADH 

in 100 mM triethanolamine·HCl (pH 7.0) at an absorbance of 340 nm. CS: 0.5 mM 

oxaloacetate (omitted in control), 0.22 mM acetyl-CoA, and 0.1 mM 

dithiobisnitrobenzoic acid (DTNB) in 40 mM Tris-HCl (pH 8.0) at an absorbance of 412 

nm. 

The Vmax of carnitine palmitoyltransferase (CPT) was measured on isolated 

mitochondria from freshly dissected gastrocnemius. Isolation of mitochondria from deer 

mouse muscle has been previously described in Mahalingam et al., (2020). Protein 

content was measured using a standard Bradford Assay (BioRad). Total CPT activity was 

measured at 412nm in the following assay conditions: 5 mM L-carnitine (omitted in 

control), 2 mM palmitoyl-CoA, and 0.2m DTNB in 100 mM K2PO4 (pH 7.2).  
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In vitro soleus fatty acid oxidation 

The rate of fatty acid oxidation was measured in soleus muscle by tracking the 

metabolic fate of a radiolabelled fatty acid (Steinberg and Dyck, 2000). In brief, 309.5 

mM of NaHCO3 was gassed for 1 hour with 100% CO2 and was then diluted (5.25 × 

volume) with modified Krebs Henseleit buffer (in mM: 148 NaCl, 5.94 KCl, 3.17 CaCl2 • 

2H20, 1.49 KH2PO4, and 1.49 MgSO4.7 H20, containing 4% w/v fatty acid-free bovine 

serum albumin (Sigma), 2mM pyruvate and 0.5 mM palmitate, pH 7.4) and gassed (95% 

O2, 5% CO2) at 30oC for 1 hour, creating the incubation buffer. The right soleus was 

removed fresh, weighed, and placed in a 20 ml vial containing 2 ml of incubation buffer 

for 20 min. The soleus was then transferred to second vial containing 2 ml of incubation 

buffer for another 20 min incubation. After the second preincubation, the soleus was 

transferred to a vial consisting of 0.4 µCi of [1-14C]-palmitic acid (Amersham 

Biosciences, Baie d’Urfé, Quebec), and an open 0.8 ml microcentrifuge tube filled with 

400 µl of benzethonium hydroxide was placed in the same vial, which was then sealed for 

60 min. The soleus was then removed, followed by the addition of 1 ml of 1 M acetic acid 

to the vial and immediately capped. The acetic acid added to the vial released 14CO2 from 

the buffer solution, which was collected in the benzethonium hydroxide of the 

microcentrifuge tube for 60 minutes. The benzethonium hydroxide was then transferred to 

a clean scintillation vial with 5 mL of scintillation fluid and the counts per minute (CPM) 

of 14C were measured for 5 min using a Tricarb 2900 TR liquid scintillation analyzer 

using QuantaSmart 1.31 (Packard Instrument) analysis software. 
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Statistics 

Statistics were performed using the lme4 package in R v.4.0.0 (https://www.r-

project.org/). We used a 2-way analysis of variance (ANOVA) to assess the main effects 

of deer mouse population and acclimation environment, and to assess the main effects of 

population and condition (rest versus V̇O2max). We also used a 3-way ANOVA to assess 

the interactions between deer mouse populations, acclimations, and activity condition, 

where appropriate. Pairwise Holm-Sidak post hoc tests were performed to assess 

significant interactions. All data are presented as means ± s.e.m. A statistical significance 

value was set at P<0.05. 

 

3.4 RESULTS 

Fat lipolytic capacity and storage 

Fat stores were assessed by quantifying the mass of ingWAT relative to body mass. 

Highland deer mice were heavier (body mass, F1,27 = 15.10, P <0.001) and had greater 

absolute amounts of ingWAT (F1,27 = 8.90, P =0.01) compared to lowland deer mice. 

When expressed relative to body mass, highlanders had 1.8-fold greater ingWAT per g 

body mass compared to lowland deer mice (F1,27 = 8.28, P <0.01). Cold hypoxia 

acclimation had no effect on body mass (F1,27 = 2.67, P = 0.11), ingWAT mass (F1,27 = 

1.28, P = 0.27) or relative ingWAT abundance (F1,27 = 0.51, P = 0.56) in either population 

(Table 3.1). 
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The capacity for WAT to mobilize fatty acids was assessed by measuring the rate of 

glycerol release of ingWAT in vitro. When lipolysis was maximally stimulated by the 

addition of norepinephrine, there were no significant effects of either population (F1,33 = 

1.02, P=0.32) or acclimation (F1,33 = 0.08, P = 0.78) on ingWAT lipolytic capacity (Fig. 

3.1). 

 

Lipid concentrations and circulatory transport rates 

Plasma glycerol concentrations were determined as an index of whole-body lipolysis 

in vivo. Plasma glycerol concentrations were approximately 3-fold greater in deer mice 

after a maximal thermogenic challenge compared with levels in mice at rest (F1,73 = 

178.35, P<0.001), independent of acclimation condition (F1,73 = 3.35, P=0.07). 

Furthermore, lowland deer mice had significantly greater plasma glycerol concentrations 

compared to highland deer mice in warm normoxia acclimation conditions (significant 

population effect; F1,39 = 14.68, P<0.001). Cold hypoxia acclimation led to an increase in 

resting plasma glycerol concentrations in both populations (F1,46 = 16.01, P<0.001) and in 

plasma glycerol concentrations at V̇O2max (F1,46 = 10.03, P=0.004), but no significant 

population differences were observed (F1,34 = 0.35, P=0.56) (Fig. 3.2A). 

To calculate rates of circulatory transport of plasma lipids we determined the 

concentrations of plasma NEFA and TGs at rest and immediately after hypoxic cold-

induced V̇O2max. Overall, we found that plasma NEFA concentrations doubled from rest 

to cold-induced V̇O2max (F1,55 = 158.04, P<0.001). This occurred in both populations and 

regardless of acclimation conditions (Fig. 3.2B). This increase in total plasma NEFA was 
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the result of significant increases in all the individual fatty acids measured (p<0.05), apart 

from oleic acid, which did not show a significant increase from resting levels (F1,55 = 

3.62, P=0.062) (Table 3.2). In general, highlanders displayed higher concentrations of 

total NEFA compared to lowlanders (F1,55 = 9.26, P=0.004) and there was a tendency for 

NEFAs to increase after cold hypoxia acclimation that approached statistical significance 

(F1,55 = 3.77, P=0.057). 

We also found that plasma TG concentrations were significantly higher in highland 

compared to lowland deer mice (F1,74 = 12.70, P<0.001). Cold hypoxia acclimation 

increased circulating TG concentrations in both populations (F1,74 = 4.08, P=0.047). 

Interestingly, lowland deer mice showed no change in plasma TG with the transition from 

rest to cold-induced V̇O2max, but cold hypoxia highland deer mice showed a doubling in 

plasma TG as energy demand increased (significant population × condition interaction; 

F1,32 = 6.06, P=0.02) (Fig. 3.2C). 

The rate of circulatory substrate delivery is the product of their concentration and rate 

of plasma flow (McClelland et al., 1994). Thus, we determined rates of NEFA and TG 

circulatory delivery by calculating rates of plasma flow using published data for cardiac 

output and hematocrit during hypoxic cold-induced V̇O2max for deer mice in the same 

acclimation conditions (Tate et al., 2020). Highland deer mice had significantly greater 

plasma flow rates compared to lowlanders (F1,13 = 13.60, P=0.003) and cold hypoxia 

acclimation significantly increased plasma flow rates (F1,13 = 13.14, P=0.003) during 

hypoxic cold-induced V̇O2max (Fig. 3.3A). This led to significantly greater rates of 

NEFA (F1,13 = 17.53, P=0.001) and TG delivery (F1,13 = 20.23, P <0.001) in highland deer 
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mice compared to lowlanders. Similar to the effect of acclimation on plasma flow, cold 

hypoxia significantly increased NEFA and TG delivery rates (F1,13 = 14.21, P=0.002, F1,13 

= 40.49, P<0.001) during hypoxic cold-induced V̇O2max (Fig. 3.3B & 3C). There was 

also a significant population × acclimation interaction, where cold hypoxia acclimation 

led to a doubling of NEFA delivery rates and tripling of TG delivery rates in highlanders 

but not lowlanders (F1,13 = 5.54, P=0.035; F1,13 = 18.00, P<0.001, respectively) (Fig. 3.3B 

& 3.3C). 

  

Intramuscular triglycerides  

The concentrations of IMTG in gastrocnemius muscle were not significantly different 

between populations (F1,65 = 0.27, P=0.61) and did not change with acclimation (F1,65 = 

0.91, P=0.34). Interestingly, there were also no decline in gastrocnemius triglyceride 

content between rest and cold-induced V̇O2max (F1,65 = 2.53, P=0.12) (Fig. 3.4). 

 

Fatty acid transport proteins 

The capacity of thermo-effector tissue for fatty acid uptake was assessed by 

quantifying the total protein abundance of FAT/CD36 in both iBAT and the 

gastrocnemius. We found no significant effect of population (F1,16 = 0.12, P=0.734) or 

acclimation (F1,16 = 0.022, P=0.885) on the abundance of FAT/CD36 in iBAT (Fig. 3.5).  

We also found FAT/CD36 expression in whole tissue homogenates of the 

gastrocnemius did not show any significant effect of population (F1,19 = 0.042, P=0.841). 
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However, cold hypoxia acclimation led to a significant increased FAT/CD36 protein 

abundance (F1,19 = 5.674, P=0.028) (Fig. 3.6A). When sarcolemmal-specific expression 

of this transporter was assessed in the gastrocnemius at V̇O2max, we found no significant 

effect of population (F1,16 = 0.446, P=0.514) or acclimation (F1,16 = 1.162, P=0.297) (Fig. 

3.6B). Furthermore, there were no significant effects of population (F1,17 = 1.18, P=0.29) 

or acclimation (F1,17 = 0.001, P=0.97) on the abundance of the cytosolic H-FABP in 

gastrocnemius muscle (Fig. 3.6C).  

 

Skeletal Muscle Enzyme Activity 

To assess any differences in the capacity for aerobic metabolism and for fatty acid 

oxidation, we determined the apparent Vmax of specific enzymes in the gastrocnemius. 

CPT activity was measured as a marker for fatty acid uptake from the cytosol into the 

mitochondria. Total CPT activity did not differ between deer mouse populations (F1,28 = 

2.47, P=0.13) or with acclimation environments (F1,28 = 1.05, P=0.32) (Fig. 3.7A). The 

activity of HOAD, a marker of -oxidation, showed no differences between deer mouse 

populations (F1,30 =0.57, P=0.46) or acclimation groups (F1,30 =0.05, P=0.83) (Fig. 3.7B). 

In contrast, CS activity, a marker for mitochondrial volume, was significantly higher in 

highland deer mice compared to lowlanders (F1,28 =5.66, P=0.02). However, acclimation 

had little effect on CS activity (F1,28 =0.60, P=0.45) (Fig. 3.7C). COX activity, commonly 

used to assess mitochondrial quality, was significantly higher in cold hypoxia acclimated 

deer mice (F1,30 =7.14, P=0.01); however, there were no significant population differences 

(F1,30 =0.25, P=0.62) (Fig. 3.7D).  



Ph.D. Thesis – S.A. Lyons; McMaster University – Department of Biology 

80 
 

 

Results: Exogenous lipid oxidation 

Intact solei were used to measure the rate of exogenous 14C-palmitic acid oxidation. 

We observed no significant differences between population (F1,29 =2.63, P=0.12) or 

acclimations (F1,29 =0.57, P=0.46) (Fig. 3.S1). 

 

3.5 DISCUSSION 

The main objective of this study was to determine if capacities at key steps in the 

lipid metabolic pathway might explain population differences in maximal lipid oxidation 

observed at peak thermogenesis in highland and lowland deer mice. Moreover, we 

assessed whether these steps are modified with acclimation to cold hypoxia simulating the 

high-altitude environment. Rates of lipid oxidation increased when mice moved from 

resting to hypoxic cold-induced V̇O2max conditions. Both highland and lowland deer 

mice showed an increase in plasma glycerol and NEFA concentrations after hypoxic cold-

induced V̇O2max, suggesting a significant stimulation of lipolysis and circulatory NEFA 

availability. Plasma NEFA concentrations were greater in highlanders than lowlanders at 

both rest and at hypoxic cold-induced V̇O2max. These population differences may be 

supported by the greater mass-specific ingWAT depots in highlanders. However, in vitro 

lipolytic capacity of adipocytes from this depot were equivalent in both populations. 

Furthermore, plasma TGs were also greater in highlanders compared to lowlanders, both 

at rest and at V̇O2max, and regardless of acclimation condition. As a result, greater 

plasma flow rates in highlanders at V̇O2max resulted in circulatory NEFA and TG 
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delivery rates that were 3.1 and 7.3-fold greater than in lowlanders, respectively. In 

contrast, protein abundance of FAT/CD36 in both the gastrocnemius and iBAT did not 

differ between populations or with acclimation. These data suggest that higher circulatory 

delivery rates of NEFA and TG to the thermo-effector tissues are primarily responsible 

for the high rates of lipid oxidation necessary to support the superior hypoxic cold-

induced V̇O2max observed in highlanders. 

Circulatory NEFA and TG availability is dependent on effective convective transport 

by the cardiovascular system. Circulatory transport of NEFAs is the product of their 

concentration and plasma flow (McClelland et al., 1994). Highland deer mice have higher 

plasma flow rates during hypoxic V̇O2max than lowlanders (Fig. 3.3A) as the result of 

greater cardiac output and a blunted increase in hematocrit in response to cold hypoxia 

(Tate et al., 2020). During thermogenic V̇O2max, most of the blood flow is likely directed 

to BAT and shivering muscle. This high plasma flow would allow highland deer mice to 

increase NEFA delivery to these thermo-effector tissues. It is possible that acclimation to 

cold hypoxia changes the relative proportions of blood flow to these tissues. Indeed, when 

warm acclimated rats are subjected to an acute cold challenge most blood is directed to 

muscle (Foster and Frydman, 1979), but after cold acclimation there is a redirection of 

blood flow to BAT (Foster and Frydman, 1979). It is unclear whether the same 

redistribution of blood flow would occur after cold hypoxia acclimation or with an acute 

hypoxic cold challenge. 

Highland deer mice have larger mass-specific ingWAT depots than lowlanders 

(Table 3.1). Given the high energy density of lipids, greater fat stores may be 
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advantageous for sustained periods of heat production (Weber, 2011) and provide 

additional insulation (Wronska and Kmiec, 2012). However, we have previously found 

that highland and lowland deer mice have equivalent thermal conductance (Lyons et al, 

2021), suggesting that population differences in ingWAT reflect altered energy storage 

and not insulation. The population differences in WAT depot size were also maintained 

after cold hypoxia acclimation, suggesting both populations matched food intake to the 

higher thermogenic demand of the acclimation conditions (Barnett, 1965). This is not the 

case when cold hypoxia occurred over the early development period, with lowlanders 

showing a large reduction in fat mass at weaning, while highland pups were able to 

maintain body composition in these conditions (Robertson and McClelland, 2021). These 

data suggest that developmental plasticity may have an important influence on the 

available lipid stores for adult deer mice and may affect thermogenic capacity and/or 

thermogenic endurance. 

Although the size of lipid stores differed between populations, the tissue itself 

appeared to be phenotypically similar. When the lipolytic capacity of WAT was assessed 

in vitro, we found no differences in the maximal rates of glycerol release in response to 

norepinephrine stimulation (Fig. 3.1). However, in vivo conditions that stimulate WAT 

lipolysis and the appearance of NEFAs in the blood may differ between the populations. 

For example, the release of NEFAs into circulation from WAT is reliant on tissue blood 

flow and the availability of albumin binding sites (Scow and Chernick, 1970), which may 

differ between highland and lowland mice. We used circulatory glycerol as a marker for 

whole-body lipolysis, as glycerol liberated during lipolysis in WAT and skeletal muscle 



Ph.D. Thesis – S.A. Lyons; McMaster University – Department of Biology 

83 
 

generally appears in the circulation (Weber, 2011), since these tissues lack significant 

activity of glycerol kinase (Newsholme and Taylor, 1969). Indeed, plasma glycerol 

showed dynamic changes with the transition from rest to V̇O2max, which may indicate 

large increases in lipolysis when maximal aerobic heat production was stimulated (Fig. 

3.2A). However, the highest plasma glycerol concentrations that we measured were 

similar between highland and lowland deer mice despite significant differences in whole-

animal lipid oxidation (Lyons et al., 2021). It is important to note that glycerol turnover 

and lipid oxidation are not always correlated in mammals (Weber et al., 1993); however, 

we found that increases in plasma glycerol were associated with increases in plasma 

NEFAs in deer mice at V̇O2max, suggesting that the availability of circulatory NEFAs 

tracks changes in whole-animal lipid oxidation (Fig. 3.2A & 3.2B).  

Changes in total plasma NEFA concentrations were likely not the result of 

differential kinetics in most of the individual fatty acids (Table 3.2), consistent with 

results reported for rats undergoing shivering thermogenesis (Vaillancourt et al., 2009). 

The exception was circulating levels of oleic acid, which remained unchanged as 

metabolic rate increased (Table 3.2). This suggests that either mobilization of oleic acid 

was not induced or release from WAT was matched with an equivalent uptake into heat 

producing tissues. Oleic acid is also predominately found in the sn-2 (middle) position in 

TG and is associated with re-esterification. (Karupaiah & Sundram, 2007). Our results 

may suggest a targeted re-esterification of oleic acid during increased cold exposure in 

deer mice. An increased availability of NEFA can occur through alterations in the NEFA-

TG cycle, where NEFAs are preferentially directed towards oxidation rather than re-
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esterification (McClelland et al., 2001). This cycle has been observed to change during 

shivering in rats, where fatty acid re-esterification decreased from 79% to 35% with cold 

exposure to support the necessary increase in fatty acid oxidation (Vaillancourt et al., 

2009). In contrast, hypoxia acclimation has been found to increase the NEFA-TG cycle in 

lab rats at rest (McClelland et al., 2001), and this accelerated cycling can contribute to 

thermogenesis by increasing the metabolic rate (Reidy and Weber, 2002). More work 

needs to be done to better understand how thermogenic demand and oxygen availability 

influence NEFA-TG cycling in heat production at high altitude. 

Along with plasma NEFA, circulating TGs represent an additional large and often 

overlooked energy reserve available to support tissue metabolism (Moyes and West, 

1995; Magnoni and Weber, 2007; Bartelt et al., 2011). It is possible that circulating 

NEFAs are not sufficient to sustain the prolonged high rates of lipid oxidation for heat 

production in mice. However, delivery of NEFAs in the form of TGs could be used by 

highland deer mice to ensure rapid substrate supply in times of high energy demand. It 

has been proposed that circulatory TG may be used by migratory birds to support the 

extremely high rates of lipid oxidation during prolonged flight (Weber, 2009). The 

evidence surrounding this phenomenon is currently unclear, with support from research 

on small migratory passerines (Jenni-Eiermann & Jenni, 1992), but not robins (Gerson & 

Guglielmo, 2013). Nonetheless, our findings may suggest the high rates of TG circulatory 

delivery observed in highland deer mice at V̇O2max (Fig. 3.2C, 3.3A & 3.3C) are used to 

help support the higher rates of lipid oxidation during thermogenesis compared to 

lowland deer mice (Lyons et al., 2021). The use of this energy reserve for heat production 
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has been shown to occur in thermoregulating mice where circulatory TG are cleared by 

both BAT (Bartelt et al., 2011) and skeletal muscle (Jensen et al., 2008). Mice with 

elevated lipoprotein lipase show an increase in thermal tolerance during a cold challenge, 

presumably because of an increased capacity for fat oxidation (Jensen et al., 2008; Bartelt 

et al., 2011). It is unknown whether lipoprotein lipase abundance or activity is greater in 

highlanders, enabling them to effectively utilize circulating TG to assist with fuelling 

thermogenesis. 

We quantified the abundance of FAT/CD36 to determine if capacity for membrane 

NEFA transport could explain population differences in lipid oxidation at V̇O2max 

(Lyons et al., 2021). While gastrocnemius FAT/CD36 abundance did increase after cold 

hypoxia acclimation in both populations, there were no differences in FAT/CD36 

abundance between the populations (Fig. 3.6A & 3.6B). Furthermore, gastrocnemius 

FABP content was also the same between highland and lowland deer mice (Fig. 3.6C). In 

another hindlimb muscle, the soleus also demonstrated no differences in exogenous lipid 

oxidation between populations or acclimations (Fig. 3.S1). These results suggest that the 

capacity for NEFA uptake in shivering muscle may not significantly contribute to 

population differences observed in whole-animal lipid oxidation during hypoxic cold-

induced V̇O2max (Lyons et al., 2021). Additionally, we found that IMTG in the 

gastrocnemius did not change from rest to cold-induced V̇O2max (Fig. 3.4). These data 

suggest that in deer mice the gastrocnemius primarily relies on circulatory NEFA to 

support oxidation during shivering thermogenesis. This higher lipid delivery and greater 

muscle capillarization (Lui et al., 2015) may be sufficient to support shivering-induced 
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rates of lipid oxidation in the more aerobic gastrocnemii of highland deer mice (Lui et al., 

2015; Mahalingam et al., 2017; 2020; Fig. 3.7C).  

At V̇O2max, NST in BAT has been shown to account for over 50% of total V̇O2 in 

deer mice (Van Sant and Hammond, 2008). Highland deer mice have been observed to 

increase NST capacity after cold hypoxia acclimation compared to lowlanders (Coulson 

et al., 2021). Interestingly, BAT size and mitochondrial density did not explain the 

increases in NST after cold hypoxia acclimation (Coulson et al., 2021). We found that 

BAT expression of FAT/CD36 was not affected by cold hypoxia acclimation (Fig. 3.5), 

suggesting that BAT capacity for NEFA uptake from the circulation is not part of the 

plasticity response in NST. However, increased circulatory delivery rates of NEFAs and 

TGs to BAT may contribute to the increased lipid oxidation observed at the whole animal 

level. Additionally, use of intracellular TG in BAT may increase the upon cold challenge 

as previously observed in studies in both mice and humans (Blondin et al., 2015; Labbé et 

al., 2015; Blondin et al., 2017).  

 

3.6 CONCLUSIONS 

The current study helps shed light on how the lipid metabolic pathway contributes to 

the elevated whole-animal lipid oxidation rates observed in highland deer mice during 

hypoxic cold-induced V̇O2max. Our results show that highland deer mice have much 

higher rates of NEFA and TG circulatory delivery compared to lowlanders, and cold 

hypoxia acclimation further increases these lipid delivery rates. Past work on humans has 

shown that at high exercise intensities, an increase in circulatory fat availability does not 

lead to increased muscle fat use (Hargreaves et al., 1991). Although it is unclear if the 
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same is true for exercising deer mice, our data suggests that the limitations of muscle lipid 

uptake during exercise are circumvented during thermogenesis. This difference in fuel use 

between these two energetically taxing but distinct activities is probably due to 

differential recruitment of the metabolically active tissues involved. During 

thermogenesis BAT accounts for ~50% of total energy use, but skeletal muscle lipid use 

remains higher than those observed in deer mice during submaximal exercise (Lau et al., 

2017). This suggests that a larger muscle mass may be recruited during shivering 

compared to locomotion. Collectively, the muscles recruited for shivering use lipids at a 

high rate, but individually each shivering muscle may be operating at a metabolic rate that 

can be supported by circulating lipids, which may explain the high lipid oxidation rates 

observed in thermoregulating highland deer mice. In the future, determining the 

destination and uptake rate of circulating NEFA and TG into thermo-effector tissues 

during thermogenesis will help further elucidate how lipids are used during 

thermogenesis.  
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Figure 3.1 
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Figure 3.1. Rate of glycerol release from inguinal white adipose tissue (ingWAT) in 

first-generation laboratory born and raised highland and lowland deer mice 

(Peromyscus maniculatus). Deer mice were acclimated to control warm normoxia (23oC, 

21 kPa O2) or cold hypoxia (5oC, 12 kPa O2) conditions. Excised ingWAT was stimulated 

with 1µM of norepinephrine and the rate of lipolysis was determined in vitro by 

measuring the rate of glycerol appearance into incubation medium (µmol g-1 hr-1). Sample 

sizes for warm normoxia and cold hypoxia were N=9 and N=9 for highlanders, and N=9 

and N=10 for lowlanders, respectively. Data are reported as means ± s.e.m. 
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Figure 3.2 
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Figure 3.2. Plasma concentrations of glycerol and lipids in highland and lowland 

deer mice. Concentration of glycerol (A), non-esterified fatty acids (NEFAs) (B) and 

triglycerides (TGs) (C) in first-generation laboratory born and raised highland and 

lowland deer mice (Peromyscus maniculatus), acclimated to control warm normoxia or 

cold hypoxia conditions, sampled at rest or at cold-induced V̇O2max. Symbols represent 

significant differences resulting from Holm–Sidak post hoc tests (P<0.05). ‡Significant 

difference between rest and cold-induced V̇O2max. *Significant difference between 

populations. #Significant difference between acclimations. §Cold hypoxia acclimated 

highland deer mice are significantly different from all other groups. Sample sizes of both 

deer mouse populations are shown in parentheses underneath symbols within a testing 

condition (highland, lowland). Data are reported as means ±s.e.m. 
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Table 3.2 
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Figure 3.3 
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Figure 3.3. Plasma flow rate and delivery rate of fatty acids and triglycerides at 

cold-induced V̇O2max in hypoxia. Plasma flow rate (A), non-esterified fatty acid 

(NEFA) delivery rate (B) and triglyceride (TG) delivery rate (C) in highland and lowland 

deer mice acclimated to control warm normoxia or cold hypoxia conditions, sampled at 

cold-induced V̇O2max. Sample sizes for warm normoxia and cold hypoxia were N=7 and 

N=4 for highlanders, and N=3 and N=3 for lowlanders. Symbols represent significant 

differences resulting from Holm-Sidak post hoc tests (P <0.05). *Significant difference 

between populations. #Significant difference between acclimations. ‡Cold hypoxia 

acclimated highlanders are significantly different from all other treatment groups. Data 

are reported as means ± s.e.m. Plasma flow rates were calculated as 𝑐𝑎𝑑𝑖𝑎𝑐 𝑜𝑢𝑡𝑝𝑢𝑡 ×
 (1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡), using previously reported cardiac output and hematocrit for deer 

mice exposed to the same acclimation conditions (Tate et al., 2017). 
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Figure 3.4 
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Figure 3.4. Intramuscular triglyceride concentration during rest and immediately 

after cold-induced V̇O2max. First-generation laboratory born and raised highland and 

lowland deer mice (Peromyscus maniculatus), acclimated to control warm normoxia 

(23oC, 21 kPa O2) or cold hypoxia (5oC, 12 kPa O2) conditions, sampled at rest or 

immediately after cold-induced V̇O2max. In warm normoxia acclimation, sample sizes for 

rest and V̇O2max were respectively N=16 and N=10 for highlanders, and N=9 and N=9 

for lowlanders, while in cold hypoxia acclimation, sample sizes for rest and V̇O2max 

were respectively N=9 and N=5 for highlanders, and N=10 and N=5 for lowlanders. 

Values are presented as µmol of TG g-1 of gastrocnemius wet weight (w.w).  Data are 

reported as means ± s.e.m. 
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Figure 3.5 
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Figure 3.5. Relative protein abundance of fatty acid translocase (FAT/CD36) in 

brown adipose tissue. Representative western blot (A) and plotted protein abundance (B) 

of FAT/CD36. Sample sizes for warm normoxia (WN) and cold hypoxia (CH) were N=5 

and N=4 for highlanders, and N=5 and N=6 for lowlanders. Data are reported as means ± 

s.e.m.   
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Figure 3.6 
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Figure 3.6. FAT/CD36 and fatty acid binding protein (FABP) concentrations in 

skeletal muscle. (A) FAT/CD36 protein expression in skeletal muscle, (B) sarcolemmal 

fraction FAT/CD36 protein expression and (C) FABP concentration in the gastrocnemius 

of highland and lowland deer mice (Peromyscus maniculatus), acclimated to control 

warm normoxia (WN) or cold hypoxia (CH) conditions. Representative western blots are 

shown (A, B). Symbols represent significant differences resulting from Holm-Sidak post 

hoc tests (P <0.05). #Significant difference between acclimations. Sample sizes of both 

deer mouse populations are shown in parentheses underneath symbols within an 

acclimation (highland, lowland). Data are reported as means ± s.e.m. 
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Figure 3.7 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – S.A. Lyons; McMaster University – Department of Biology 

103 
 

Figure 3.7. Apparent maximal enzyme activities (Vmax) in isolated muscle 

mitochondria and in the gastrocnemius. Vmax of carnitine palmitoyl transferase (CPT) 

in isolated muscle mitochondria (A), and β-hydroxyacyl-CoA dehydrogenase (HOAD) 

(B), citrate synthase (CS) (C) and cytochrome c oxidase (COX) (D) in the gastrocnemius. 

CPT activity was standardized to mitochondrial protein, and HOAD, CS and COX 

activities were standardized to g−1 wet weight (ww). Symbols represent significant 

differences resulting from Holm–Sidak post hoc tests (P<0.05). *Significant difference 

between populations. #Significant difference between acclimations. Sample sizes of both 

deer mouse populations are shown in parentheses underneath symbols within an 

acclimation (highland, lowland). Data are reported as means ±s.e.m. 
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CHAPTER 4: HIGHLAND DEER MICE REDIRECT TISSUE FATTY ACID 

UPTAKE TO SUPPORT THERMOGENESIS AFTER COLD HYPOXIA 

ACCLIMATION 

 

 

4.1 ABSTRACT 

During maximal cold challenge in hypoxia (hypoxic cold-induced V̇O2max), 

highland deer mice (Peromyscus maniculatus) have high rates of circulatory fatty acid 

delivery compared to lowland deer mice. Fatty acid delivery also increases in deer mice 

acclimated to conditions simulating montane environments. These high circulatory fatty 

acid delivery rates have been suggested to play a major role in supporting the high rates 

of thermogenesis observed in highland deer mice. However, the distribution of these fatty 

acids to the tissues involved in thermogenesis remains unknown. The goal of this study 

was to use [1-14C]2-bromopalmitic acid to examine the uptake of circulating fatty acids 

into 24 different tissues during hypoxic cold-induced V̇O2max in highland and lowland 

deer mice acclimated to thermoneutral (30°C, 21 kPa O2) or cold hypoxic (5°C, 12 kPa 

O2) conditions. We found that in highlanders, acclimation to cold hypoxia increased the 

relative uptake of fatty acids in brown adipose tissue (BAT), while decreasing fat uptake 

into skeletal muscle. Cold hypoxia acclimation increased BAT FAT/CD36 abundance in 

both deer mouse populations, but no differences were observed in muscle. Highland BAT 

also showed evidence of higher mitochondrial densities and capacities for beta-oxidation 

compared to lowlanders, particularly following cold hypoxia acclimation. Additionally, 

total muscle contributed to over 50% of the fatty acids taken up during maximal 

thermogenesis. This study provides insight on the tissues involved with the uptake of 
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circulating fatty acids during hypoxic cold-induced V̇O2max and deepens our 

understanding on how high rates of lipid oxidation are supported in highland deer mice. 

 

4.2 INTRODUCTION 

Lipids are known to be the primary substrate for fuelling relatively low intense 

activities, such as moderate exercise, in humans and other mammals (26). Lipids are also 

the primary substrate used for thermogenesis in rodents, at both submaximal and peak 

rates of heat production (18, 31). The primary consumer of oxygen and substrates during 

exercise are the skeletal muscles (1), and as work intensities increase, their recruitment 

pattern tracks changes in substrate use from lipids to carbohydrates, at least for humans 

and some other mammals (15, 26). The situation is somewhat different during 

thermogenesis, as small eutherian mammals recruit both brown adipose tissue (BAT) and 

skeletal muscle for non-shivering (NST) and shivering (ST) forms of heat production. 

These thermo-effector tissues contribute to maximal cold-induced oxygen consumption 

(V̇O2max), supported by lipids as the principal substrate (18). In rodents, however, it is 

unclear which skeletal muscles participate in shivering and how substrates are partitioned 

between muscles and BAT during thermogenesis. It is also unclear if variation in 

substrate uptake by thermo-effector tissues, 1) exists between animals living in different 

thermal environments, or 2) occurs because of environmentally induced plasticity. 

Deer mice (Peromyscus maniculatus) native to high-altitude environments have 

evolved a variety of mechanisms to overcome low temperatures and low partial pressures 

of oxygen. For example, highland native deer mice are capable of elevated rates of lipid 

oxidation to support high rates of heat production in hypoxia (18). These elevated rates of 
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lipid oxidation in highlanders have been attributed to higher rates of NST and a greater 

capacity for lipid transport (7, 17). Indeed, rates of circulatory delivery of free fatty acids 

was found to be approximately 3-fold greater in highland versus lowland deer mice 

during cold-induced V̇O2max in hypoxia (17). However, it is unclear which tissues are 

taking up these fatty acids and how uptake is distributed among skeletal muscles and 

BAT. Previous work in rats has provided some insight elucidating tissue recruitment 

during thermogenesis. Increases in blood flow to skeletal muscle occurs in warm 

acclimated rats during an acute cold exposure, but after cold acclimation, blood flow gets 

shunted away from skeletal muscle and redirected towards BAT (8). An increase in blood 

flow to these tissues during cold exposure would highlight their increased metabolic 

activity, and presumably, the potential tissues for uptake of circulating fatty acids.  

The contribution of individual tissues to thermogenesis can be estimated by 

determining the uptake of circulating fatty acids. This uptake reflects both tissue blood 

flow and metabolic rate and can give a more comprehensive picture of thermo-effector 

recruitment. The objective of this study was to quantify tissue uptake of circulatory free 

fatty acids to determine which tissues contribute to whole-animal lipid oxidation during 

peak thermogenesis in deer mice. We compared highland and lowland deer mice 

acclimated to either normoxic thermoneutral or cold hypoxia simulating high-altitude 

conditions. Tissue uptake of circulatory free fatty acids was determined using [1-14C]2-

bromopalmitic acid for 24 tissues, including central organs (liver, heart, and diaphragm), 

white adipose tissue (inguinal and gonadal), BAT (interscapular and auxiliary) and 

skeletal muscles of the forelimb, hindlimb and trunk. In certain tissues, fatty acid uptake 
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was compared to the protein abundance of membrane transporters and activities of 

metabolic enzymes. We hypothesized that in deer mice, variation in whole-animal lipid 

oxidation rates during thermogenesis is associated with the high rates of fatty acid uptake 

by thermo-effector tissues. As highland deer mice are known to increase NST with cold 

hypoxia acclimation (7), we predict a redistribution of fatty acid uptake from muscle to 

BAT after cold hypoxia acclimation while lowlanders will not show this change.  

 

4.3 METHODS 

Common Garden Experiment 

All procedures were approved by the McMaster University Animal Research Ethics 

Board in accordance with guidelines set by the Canadian Council on Animal Care. Mice 

used in this study were part of an established breeding colony of highland (P.m. rufinus) 

and lowland (P.m. nebracensis) deer mice at McMaster University as previously 

described (16). Briefly, wild highland deer mice were trapped in Mount Evans, CO 

(4,350m a.s.l.) and lowland deer mice were trapped in Kearney, NE, USA (656m a.s.l.). 

Wild mice were transferred to McMaster University (90m a.s.l.) and housed in common 

laboratory conditions at ~23oC, on a 12:12h light:dark cycle, with unlimited access to 

food and water. Mice were bred within their respective populations to produce second 

generation laboratory-born and raised mice. Mice in this study were at least 6 months of 

age, and a mix of both males and females. Highland and lowland deer mice were 

randomly assigned to one of two acclimation groups, thermoneutral (TN, 30oC and 

21kPa) using a temperature controlled rodent incubator (Powers Scientific Inc., PA) or 

cold hypoxia (CH, 5oC and 12kPa, using hypobaric chambers (18, 20) in a climate-
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controlled room, simulating high altitude (~4300m). Deer mice acclimated to CH were 

first housed at 5oC for 24 hours at normobaria before being placed in hypobaric 

chambers. For routine cage cleaning and replenishment of food and water, CH deer mice 

were only returned to normobaria for less than 1 hour per week. All mice were kept in 

their respective acclimation conditions for six to eight weeks.  

 

14C-Bromopalmitic acid infusate preparation 

Preparation of bromopalmitic acid infusate was modified from previous methods 

(Oakes et al., 2006; Schönke et al., 2018). On the day of the experiment, 107 DPM of [1-

14C]2-bromopalmitic acid organic stock solution (0.0045mCi, or 45ul of bromopalmitic 

acid stock, MC 451, Moravek Inc., CA) was dried under N2 at room temperature in a 

glass test tube and reconstituted in 100ul of unlabeled infusate (saline containing 1.2% 

bovine serum albumin (Millipore Sigma, St Louis, MO, USA) and 0.15 mM palmitic acid 

(Sigma Alderich). The labelled infusate was then gently mixed in a 37oC water bath for 

1h.  

 

14C-Bromopalmitic acid injection and maximal cold challenge 

To facilitate tail vein injection, tails of the deer mice were cleaned of hair 48h prior 

to trial. Mice were weighed and then were placed in a tail veiner restraint (Braintree 

Scientific, Inc., MA). Using a 27-gauge needle, 100ul of 14C-bromopalmitate infusate 

(4.5µCi) was injected via the tail vein. Mice were then immediately exposed to maximal 
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cold challenge conditions for 12 minutes to determine cold-induced V̇O2max, as 

described in Lyons et al., (2021). In brief, hypoxic cold-induced V̇O2max was determined 

by pushing heliox (12% O2, 88% He) at 1000 ml min-1 through copper coils housed inside 

a temperature control cabinet and into a respirometry chamber (volume ~500 ml) cooled 

to -10oC using mass flow meters and controllers (Sierra Instruments, Monterey, CA; 

MFC-4, Sable Systems, NV). Cold-induced V̇O2max was determined as the highest 10 

seconds of V̇O2 over the course of the entire trial. After 12 minutes in these conditions, 

mice were anesthetized using an isoflurane-soaked cotton ball. At exactly 15 min since 

the time of injection, mice were decapitated, blood and tissue were collected, flash frozen 

in liquid N2, and stored at -80oC until future processing. Tissues were dissected in the 

following order: soleus, red gastrocnemius, white gastrocnemius, tibialis anterior, 

extensor digitorum longus, rectus femoris, vastus lateralis, vastus medialis, 

semitendinosus, biceps femoris, gluteus, interscapular brown adipose tissue, erector 

spinae, trapezius, auxiliary brown adipose tissue, biceps, triceps, masseter, inguinal white 

adipose tissue, gonadal white adipose tissue, liver, diaphragm, right ventricle, and left 

ventricle. 

 

Tissue Processing and Analysis 

The processing of tissue for 14C-activity was modified from methods used by 

Schonke et al., (2018).  Frozen tissues were weighed and placed in a vial containing 1M 

NaOH (30µl mg-1 tissue), and briefly minced. The vial was then sealed and placed in a 

rotating water bath at 50oC for 1.5 hours. After the tissue dissolved, an equivalent volume 
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of 1M HCl was added to the vial to neutralize the solution. Then, 200 µl of the dissolved 

tissue was placed in a glass scintillation vial containing 2 ml of scintillation fluid 

(Ecoscint A, National Diagnostics, GA). Counts per minute (CPM) of 14C were measured 

for 5 min using a Tricarb 2900 TR liquid scintillation analyzer using QuantaSmart 1.31 

(Packard Instrument) analysis software. 

 

Enzyme apparent Vmax 

We measured the apparent maximal activities (Vmax) of -hydroxyacyl-CoA 

dehydrogenase (HOAD), citrate synthase (CS) and cytochrome c oxidase (COX) in the 

red gastrocnemius, white gastrocnemius, tibialis anterior, rectus femoris, erector spinae, 

and interscapular brown adipose tissue as described previously for deer mice (17). 

Activities of HOAD and COX were measured on fresh homogenates, while CS activity 

was measured after homogenates had been frozen and thawed two times. Approximately 

30 mg of powdered tissue was homogenized on ice using a glass-on-glass homogenizer in 

buffer (20 µl mg-1 tissue) containing 100mM potassium phosphate (pH 7.2), 5 mM 

EDTA, and 0.1% Triton X-100. Assays were performed at 37oC in triplicate, and controls 

for background activities were determined for each assay by omitting substrate. Assay 

conditions were the following: COX: 0.1 mM of reduced cytochrome c (omitted in 

control) in 100 mM K2HPO4 (pH 7.0) at an absorbance of 550 nm. HOAD: 0.1 mM 

acetoacetyl-CoA (omitted in control), and 0.28 mM NADH in 100 mM 

triethanolamine·HCl (pH 7.0) at an absorbance of 340 nm. CS: 0.5 mM oxaloacetate 
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(omitted in control), 0.22 mM acetyl-CoA, and 0.1 mM dithiobisnitrobenzoic acid 

(DTNB) in 40 mM Tris (pH 8.0) at an absorbance of 412 nm. 

 

Western Blotting FAT/CD36 

Fatty acid translocase CD36 (FAT/CD36) protein abundance in whole tissue 

homogenates of interscapular BAT (iBAT), erector spinae, red gastrocnemius and white 

gastrocnemius was determined using western blot analysis as previously described (17). 

Powdered tissue samples were homogenized using a motorized homogenizer in 25 

volumes of ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris·HCl, 1.0% Triton X-100, 

0.5% deoxycholic acid, and 0.1% SDS, at pH 8.0). Total homogenate protein 

concentrations were quantified using Bradford assay (Bio-Rad Laboratories Ltd, 

Mississauga, ON). The protein isolates were diluted 1:1 in 2X Laemmli buffer (65.8 mM 

Tris-HCl, pH 6.8, 2.1% SDS, 26.3% (w/v) glycerol, 0.01% bromophenol blue, and 10% 

β-mercaptoethanol) and were denatured for 5 min at 95oC. Denatured protein (20 μg for 

BAT and 40 μg for muscles) were separated on precast 12% sodium dodecyl sulfate-

polyacrylamide gels (Bio-Rad) for 30 min at 100 V and then 45 min at 150V in a Mini-

Protein Tetra System (Bio-Rad). Separated proteins were then transferred to 

polyvinylidene difluoride membranes (Bio-Rad) using the Transblot Turbo Transfer 

System (Bio-Rad) at 25 V for 7 min. Membranes were incubated overnight at 4°C with 

blocking buffer (5% skimmed milk in 1× phosphate buffered saline, 0.1% Tween). The 

following day, membranes were incubated with primary antibody against FAT/CD36 

(CD36 polyclonal antibody, Invitrogen, PA-16813) at a dilution of 1:500 in blocking 
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buffer for 1 h at room temperature, followed by an incubation with HRP-conjugated 

secondary antibody (goat anti-rabbit, Invitrogen, cat. #31466) at dilution of 1:5000 in 

blocking buffer for 1 h at room temperature. Band densities were detected by 

chemiluminescence and normalized to total lane protein determined using Coomassie 

Blue. Images were taken and analyzed using a ChemiDoc MP Imaging System (Bio-Rad) 

and the Image Lab software package (Bio-Rad), respectively (16, 17). 

 

Statistical analysis 

 We employed a 2-way analysis of variance (ANOVA) to assess the main effects 

of deer mouse population, acclimation condition, and their interaction. Pairwise Holm-

Šídák post hoc tests were performed to evaluate significant interactions and we set the 

value for statistical significance to P < 0.05. Statistical analyses were performed using the 

lme4 package (https://CRAN.Rproject.org/package=lme4) in R v.4.2.0 (https://www.r-

project.org/) and Prism software (version 5.01; GraphPad Software, San Diego, CA). All 

data are presented as means ± s.e.m. 

 

4.4 RESULTS 

Respiration at Thermogenic Capacity  

Hypoxic cold-induced V̇O2max was used to assess thermogenic capacity in lowland 

and highland deer mice acclimated to TN or CH conditions. Overall, we found that 

thermogenic capacity was 4-13% greater in highland deer mice compared to lowlanders 

(Figure 4.1A; significant effect of population, F1,87 = 5.49; P = 0.02), while CH 

https://www.r-project.org/
https://www.r-project.org/
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acclimation led to an increase in V̇O2max of roughly 1.6-fold (significant effect of 

acclimation, F1,87 = 153.0; P < 0.0001). To help understand the possible population 

differences in substrate use at V̇O2max and the influence of CH acclimation, we 

compared respiratory exchange ratios (RER). We found that RER at V̇O2max ranged 

from 0.75-0.85, suggesting both populations relied principally on lipids as the main 

metabolic substrate. We found no significant differences between populations (F1,85 = 

1.52; P = 0.22) or between acclimations (F1,85 = 2.99; P = 0.09). However, absolute 

whole-animal lipid oxidation rates showed a significant population × acclimation 

interaction (F1,85 = 7.79; P = 0.007), where only highlanders increased lipid oxidation 

rates by 2.7-fold following CH acclimation (P < 0.05). Furthermore, highlanders had lipid 

oxidation rates that were approximately 1.6-fold greater than lowlanders after CH 

acclimation (P < 0.05). In contrast, TN acclimated lowlanders and highlanders showed no 

differences in lipid oxidation rate (P > 0.05). 

  

Fatty Acid Tissue Uptake during Thermogenesis  

We used a radiolabelled tracer fatty acid (14C-2-bromopalmitic acid) to determine 

fatty acid tissue uptake during a maximal cold challenge in deer mice. We determined 

tissue specific 14C activity (CPM per mg tissue), total tissue 14C activity (total CPM per g 

body weight), and relative 14C uptake (% total activity of all sampled tissues) (Table 4.1 

& 4.2, Figure 4.2). We found that specific 14C activity significantly increased for both 

auxiliary and interscapular BAT depots and gonadal WAT following CH acclimation (P < 

0.05), while those of the right and left ventricles, liver and diaphragm decreased 
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following CH acclimation in both deer mouse populations (P < 0.05). For the skeletal 

muscles, we found that in the soleus, specific activity was greater in lowlanders compared 

to highlanders (P < 0.05). White gastrocnemius specific activity in lowlanders was greater 

than highlanders, but only in TN acclimation conditions (P < 0.05). In CH conditions, 

white gastrocnemius specific activity was greater compared to TN conditions, but only 

for highland deer mice (P < 0.05). Specific activity of the tibialis anterior showed a 

unique interaction, where in TN conditions, lowlanders were greater than highlanders, but 

the opposite was observed in CH conditions (P < 0.05). Thus, in the tibialis anterior, 

specific activity increased with CH acclimation compared to TN for highlanders but 

decreased for lowlanders (P < 0.05). Specific activity of the masseter was observed to 

decrease with CH acclimation, but only in lowland deer mice (P < 0.05). No other skeletal 

muscles or tissues demonstrated an effect of population or acclimation for tissue specific 

activity (P > 0.05). In general, total 14C tissue activity was greater in both BAT depots 

and the erector spinae of lowlanders compared to highlanders (P < 0.05). Furthermore, 

total 14C tissue activity decreased with CH acclimation in erector spinae, tibialis anterior 

and the white gastrocnemius in both populations of deer mice (P < 0.05). 

14C-2-bromopalmitic acid uptake was expressed for each tissue as both an absolute 

and percentage of total uptake by all sampled tissues (omitting liver, diaphragm, and left 

and right ventricles due to their much higher uptake) (Table 4.1 & 4.2, Figure 4.2). The 

total activity for skeletal muscles, WAT and BAT were summed and presented as the 

absolute and percent uptake of 14C-2-bromopalmitic acid for all sampled muscles, WAT 

and BAT (Figure 4.3). While there were no significant population (F1,18 = 0.01; P = 0.91) 
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or acclimation (F1,18 = 0.38; P = 0.54) effects for the absolute uptake of fatty acids into 

skeletal muscle (Figure 4.3A), the proportion of total fatty acid uptake attributed to 

skeletal muscle was greater in TN acclimated highlanders (~75%) than TN acclimated 

lowlanders (~57%; P < 0.05) (Figure 4.3B). This population difference appeared to be 

driven by higher uptake in the following TN acclimated highlander skeletal muscles: the 

biceps brachii, the rectus femoris, the red gastrocnemius, the tibialis anterior and the 

triceps (P < 0.05; Figure 4.2). Interestingly, only highlanders showed a decrease in the 

percent uptake of radiolabelled fatty acid into skeletal muscles following CH acclimation, 

with a decline from ~75% to 56% of total measured uptake (population × acclimation 

interaction: F1,18 = 8.22; P = 0.01). This acclimation response in highlanders was 

associated with decreases in the percent uptake of fatty acids in the biceps femoris, 

erector spinae, masseter, rectus femoris, tibialis anterior and the white gastrocnemius 

following CH acclimation (P < 0.05; Figure 4.2). The findings for BAT mirror the results 

for muscles. There was a significant population × acclimation interaction for the absolute 

uptake of fatty acids into BAT (Figure 4.3A; F1,18 = 5.21; P = 0.01), and percentage of 

fatty acid taken up by BAT (Figure 4.3B; F1,18 = 9.25; P < 0.01), where fatty acid uptake 

in BAT was lower in TN acclimated highlanders (~16%) compared to TN lowlanders 

(~37%; P < 0.05); however, only in highlanders did BAT increase fatty acid uptake (by 

~36% ) following CH acclimation, predominately driven by changes in uptake by the 

interscapular BAT depot (P < 0.05; Figure 4.2). Total WAT contributed ~8% of total 

radiolabelled fatty acid uptake, but did not differ between populations (F1,18 < 0.01; P = 

0.94) or with acclimation (F1,18 = 1.43; P = 0.25) (Figure 4.2 & 4.3, Table 4.1).  
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Tissue Enzyme Activity 

To assess the capacity for aerobic metabolism and fatty acid oxidation, we 

determined the apparent Vmax for marker enzymes CS, HOAD, and COX in six tissues 

of interest (BAT and 5 skeletal muscles) (Figure 4.4). These tissues were assessed 

because they demonstrated population differences, and/or showed plasticity with CH 

acclimation, on their capacities to uptake fatty acids based on tracer fatty acid results 

mentioned previously.  

The apparent Vmax for CS (Figure 4.4A), a marker for mitochondrial volume, was 

greater in three of the five muscles in highlanders and increased with CH acclimated deer 

mice, compared to lowlanders and TN acclimated mice, respectively. The rectus femoris 

(population: F1,25 = 4.44, P = 0.04; acclimation: F1,25 = 5.10, P = 0.04), red gastrocnemius 

(population: F1,25 = 4.34, P = 0.05; acclimation: F1,25 = 4.26, P = 0.05), white 

gastrocnemius (population: F1,26 = 11.27, P < 0.01; acclimation: F1,26 = 6.66, P = 0.02) 

showed significant effects of both population and acclimation. The erector spinae 

displayed a significant effect of acclimation for CS activity, which was higher following 

CH acclimation in both populations (F1,26 = 8.11, P < 0.01). The tibialis anterior displayed 

no significant effects of population (P > 0.05) nor acclimation (P > 0.05) (Figure 4.4A). 

iBAT displayed a significant population × acclimation interaction (F1,26 = 11.95, P < 

0.01), where CS activity in TN acclimated lowlanders was 73% greater than in TN 

acclimated highlanders (P < 0.05). Additionally, only highlanders showed an increase in 

iBAT CS activity by three-fold upon CH acclimation (P < 0.05).  
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The activity of HOAD was measured as a marker for β-oxidation capacity (Figure 

4.4B). In highlanders, HOAD was ~23% higher in the erector spinae (F1,26 = 4.29, P = 

0.05) and ~57% higher in the white gastrocnemii (F1,26 = 15.10, P < 0.01) compared to 

lowland deer mice. No other muscles displayed any significant population effects (P > 

0.05). The activity of HOAD in iBAT showed a significant population × acclimation 

interaction (F1,26 = 8.47, P < 0.01), where CH increased HOAD activity by 3.5-fold in 

highlanders (P < 0.05). All other tissues measured showed no effect of CH acclimation on 

HOAD activity (P > 0.05).  

Maximal COX activity was used as a marker to assess mitochondrial quality and 

function, as COX is the primary site of cellular oxygen consumption and is important for 

the production of ATP (Figure 4.4C). There were no significant differences in 

cytochrome c oxidase activities between populations (P > 0.05) or acclimations (P > 0.05) 

among the measured tissues.  

 

Fatty acid translocase CD36 

The capacity for fatty acid uptake in iBAT, erector spinae, and both red and white 

gastrocnemii was evaluated by quantifying the total protein abundance of FAT/CD36 in 

whole tissue homogenates. CH acclimation led to a significant increase in FAT/CD36 

protein abundance in iBAT (F1,15 = 12.14, P < 0.05). Abundance of FAT/CD36 trended to 

be higher in the iBAT of highlanders compared to lowlanders but failed to reach 

statistical significance (effects of population, F1,15 = 4.25, P = 0.06) (Figure 4.5A). For the 

erector spinae, we found no significant effects of population (F1,16 = 1.93, P = 0.18) or 
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acclimation (F1,16 = 0.84, P = 0.37) on FAT/CD36 protein abundance (Figure 4.5B). 

Similarly, both red and white gastrocnemii displayed no differences in FAT/CD36 

abundance between populations (F1,15 = 0.11, P = 0.75 and F1,16 = 0.04, P = 0.85, 

respectively) or with acclimation (F1,15 = 0.33, P = 0.57 and F1,16 = 3.82, P = 0.07, 

respectively) (Figure 4.5C & 4.5D). 

 

4.5 DISCUSSION 

The main objective of this study was to assess uptake of circulating fatty acids into a 

variety of tissues during maximal cold challenge and evaluate variation in tissue uptake 

between highland and lowland deer mice acclimated to either TN or simulated high-

altitude conditions. Additionally, we assessed the metabolic properties of tissues 

demonstrating variation in fatty acid uptake between populations or with acclimation, to 

better understand their putative contribution to thermogenesis. We found circulatory fatty 

acid uptake at cold-induced V̇O2max could be divided into tissues with high (liver, heart, 

diaphragm, iBAT), moderate (auxiliary BAT, erector spinae, masseter, thigh muscles, and 

hamstring muscles) and low (WAT depots and small skeletal muscles located on the 

extremities of the forelimb and hindlimb) uptake when standardized to body mass. When 

skeletal muscle fatty acid uptake was combined and compared to that of BAT, we found 

that CH acclimation caused a shift towards greater BAT uptake, but only in highland deer 

mice. This was consistent with increases in whole animal lipid oxidation (Figure 4.1C) 

and previous data showing NST increases with CH in highlanders (7). Greater fatty acid 

uptake in BAT could be due to higher membrane uptake, as CH acclimation increase total 

BAT FAT/CD36 abundance in both populations. Interestingly, highlanders had higher 
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activities of CS and HOAD in BAT, which further increased with CH acclimation. 

Perhaps a greater sink for lipid oxidation results in increased capacity for BAT fatty acid 

uptake from the circulation. In three of the five skeletal muscles we examined, 

highlanders showed higher CS activity compared to lowlanders. With CH acclimation, 

there was an increase in CS in these same muscles, suggesting greater mitochondrial 

densities compared to TN acclimation. Two muscles in highland deer mice, the erector 

spinae and white gastrocnemius, also demonstrated increases in HOAD. Interestingly, 

these differences in muscle phenotype did not match the variation in fatty acid uptake. 

These results show that tissue uptake of circulatory fatty acids varies during peak 

thermogenesis, both between lowland and highland populations of deer mice, but also 

with CH acclimation simulating altitude conditions of 4300m. Using a comprehensive 

sampling of tissues, we were able to demonstrate a coordinated redistribution of fatty acid 

uptake from skeletal muscles to BAT in highland deer mice exposed to conditions found 

in their natural environment. 

Thermogenic capacity is a trait used to assess the ability for heat production and the 

ability to maintain high and stable body temperature during maximal cold challenge. 

Here, we confirmed findings of our previous work demonstrating that during hypoxic 

cold-induced V̇O2max, thermogenic capacity is greater in highland deer mice (18). A 

significant increase in cold-induced V̇O2max with CH acclimation led to significantly 

greater thermogenic capacity in highlanders compared to lowland deer mice (Figure 

4.1A). In contrast to this previous work, where animals were kept at standard holding 

conditions (23oC, 21 kPa), we used a TN acclimation (30oC, 21 kPa) to ensure mice were 
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within their thermoneutral zone (11). When both populations were acclimated to TN 

conditions, post-tests revealed no significant differences in cold-induced V̇O2max 

between populations. However, V̇O2max values were lower than previously reported for 

these populations (18), demonstrating that common holding conditions used previously 

represent a mild cold acclimation (22). Similarly, we found that lipid oxidation rates were 

lower in TN deer mice than previously reported for deer mice kept in common holding 

conditions (18). CH highland deer mice showed a significant increase in lipid oxidation 

(Figure 4.1C) associated with the increase in V̇O2max and decline in RER with 

acclimation (Figure 4.1B). This decline in RER is consistent with the response in 

highlanders to cold acclimation (11), and suggests the addition of hypoxia did not 

antagonize this effect. 

High rates of lipid oxidation in highland deer mice during hypoxic cold-induced 

V̇O2max are possible due to the elevated circulatory delivery of fatty acids to active 

tissues (17). While previous work on rats has examined fatty acid uptake of 9 tissues 

following cold exposure, including liver, BAT, heart, kidney, diaphragm, and a few 

skeletal muscles (10), it has been unclear which tissues take up fatty acids during 

maximal rates of heat production and if this differs with altitude ancestry or CH 

acclimation. Therefore, we determined the fate of circulating fatty acids in 

thermoregulating deer mice to provide insight on the tissues contributing to total heat 

production. The use of a radiolabelled 2-bromopalmitic acid has been employed by many 

studies tracing fatty acid uptake into tissues of interest (9, 10, 12, 23, 24, 27). It is 

important to note that while using this non-oxidizable tracer fatty acid provides 
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information for fatty acid tissue localization, it does not indicate its fate once trapped 

inside the cell (intracellular storage or mitochondrial oxidation). Despite this, there is 

clear evidence to suggest that with cold acclimation and cold exposure, increased fatty 

acid uptake directly correlates with increased fatty acid oxidation, especially in thermo-

active tissue, such as BAT (10, 30). While it is possible that 14C-bromopalmitate taken up 

by tissues may have been destined for intracellular storage, deer mice in this study were 

exposed to maximal cold challenges. Thus, it could be expected that the fate of 14C-

bromopalmitate would predominately be used in tissue mitochondrial oxidation for 

powering thermogenesis. 

We found that large proportions of fatty acids were delivered to central tissues (liver, 

heart, and diaphragm) and to BAT. In addition, individual muscles that are larger and 

closer to the core of the animal (i.e., erector spinae, rectus femoris, bicep femoris) take up 

more fatty acids than smaller muscles located near the extremities (i.e., biceps brachii, 

soleus, tibialis anterior) (Table 4.1). We also observed a redistribution of tissue fatty acid 

uptake with CH acclimation. CH acclimated highland deer mice showed a decline in 

muscle uptake and an increase in BAT uptake of fatty acids compared to TN highlanders 

(Figure 4.2 & 4.3). Previous findings demonstrate that BAT increases both fatty acid 

uptake and oxidation following cold acclimation, with no changes in other organs or 

muscle tissue (10). This shift in muscle to BAT fatty acid uptake may be associated with 

a redirection of blood flow, as observed in cold acclimated rats exposed to an acute cold 

challenge (8). Lowland deer mice did not show a redistribution of fatty acid uptake in 
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CH, which may reflect the antagonistic influence of hypoxia on chronic cold acclimation 

(2).  

BAT is crucial for thermogenesis in small eutherian mammals as it is the main site of 

NST. This tissue becomes highly active during cold exposure, where fatty acids both 

activate mitochondrial UCP-1 and provide metabolic substrate for sustaining NST (5). It 

has been speculated that BAT activity can contribute over 50% of the heat produced 

during thermogenesis (8, 32). In this study, we were interested in determining fatty acid 

delivery to BAT (interscapular and auxiliary) during a bout of maximal thermogenesis. 

Only highlanders increased circulating fatty acid uptake into BAT depots from 16% (TN) 

to 36% (CH) of total measured uptake (Figure 4.3B), which appeared to be driven by the 

uptake of fatty acids into iBAT (Figure 4.2). This shift led to a corresponding decrease in 

highlander muscle fatty acid uptake with CH acclimation (75% to 56%), driven by the 

masseter, erector spinae, bicep femoris, rectus femoris, white gastrocnemius and the 

tibialis anterior. While the capacity for fatty acid transport into iBAT via FAT/CD36 

increased for deer mice after CH acclimation, there were no differences between 

populations in FAT/CD36 expression (Figure 4.5A), confirming previous findings (17). 

However, CH acclimated highlanders had elevated CS and HOAD activities in iBAT 

(Figure 4.4A & 4.4B), suggesting an increased mitochondrial density and β-oxidation 

capacity compared to lowland iBAT. These findings closely correspond to the unique 

acclimation response highlanders demonstrate to CH, where norepinephrine-induced 

NST, iBAT mitochondrial UCP-1 expression, and iBAT mitochondrial respiration all 

increase after acclimation to CH (7). Altogether, these findings at the BAT level may 
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explain the unique CH acclimated increase in whole-animal lipid oxidation rates observed 

in thermoregulating highland deer mice (Figure 4.1C; (18). 

Muscle recruitment for ST primarily occurs upon acute cold exposure or intense cold 

challenges and increases rates of fatty acid oxidation in muscle (3). Interestingly, rodents 

acclimated to warm conditions exposed to acute cold challenges have minimal BAT 

activity and rely predominately on ST for heat production (31). In this study, we used a 

TN acclimation to minimize BAT activity, supported by the reduced CS and HOAD 

activities in iBAT (Figure 4.4), to gain more insight on muscle’s role for fatty acid uptake 

during thermogenesis. We found that TN acclimated highlanders had a higher total uptake 

of 14C-bromopalmitic acid into skeletal muscles (~75%) compared to TN acclimated 

lowlanders (~57%, Figure 4.3), despite no population differences in whole-animal lipid 

oxidation rates during hypoxic cold-induced V̇O2max for TN acclimated deer mice. These 

findings suggest that the rates of fat use by shivering muscle is greater for highland deer 

mice, at least during TN acclimation, compared to lowlanders. While the muscle’s 

capacity for fatty acid uptake may not be limited by protein abundances of FAT/CD36 

(Figure 4.5B-D, (17), perhaps TN acclimated highlanders can increase blood flow to 

shivering muscle more effectively than lowlanders during cold-induced V̇O2max. An 

increased cardiac output of highlanders (29), in combination with an increased capillarity 

of highland muscle tissue (16, 21), and increased rate of fatty acid delivery in highlanders 

(17) may account for these observations. Furthermore, the elevated oxidative phenotype 

of highlander muscle would allow for increased capacities for lipid oxidation (Figure 4.4, 

(6, 14, 16, 17). 
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Highland deer mice have evolved mechanisms to overcome two major limitations 

associated with thermogenesis: 1) the inhibitory effect chronic hypoxia has on BAT 

activity (2, 7), and 2) the limitation of O2 and substrate transport to thermo-effector tissue 

(21). Whole-animal lipid oxidation rates during cold-induced V̇O2max in hypoxia were 

not affected by CH acclimation in lowland deer mice (Figure 4.1C), consistent with 

previous work demonstrating no changes in NST after CH acclimation (7). Unlike 

highlanders, there were no shifts in fatty acid uptake from muscle to BAT following CH 

acclimation (Figure 4.3) and no changes in iBAT CS activity with CH in lowlanders 

(Figure 4.4). These findings suggest that acclimation to hypoxic conditions may be 

hindering lowlanders’ ability to transport O2 and metabolic substrate to thermo-effector 

tissue during heat production, limiting the rate lipids can be metabolised (2, 21). 

However, highlanders show a full acclimation response regardless of the hypoxic 

conditions, most likely attributed to their evolved capacities for O2 and substrate transport 

(21). Therefore, the blunted BAT activity and the impeded O2 delivery associated with 

hypoxia during acclimation to simulated high-altitude conditions may be the reason 

lowlanders have lower thermogenic lipid oxidation rates compared to highlanders. 

 

4.6 PERSPECTIVES AND SIGNIFICANCE 

Highland deer mice have evolved amazing thermoregulatory capacities to ensure 

survival in the challenging environments of high altitude. Altogether, our findings suggest 

that highland deer mice acclimated to simulated high-altitude conditions increase 

maximal heat production with a corresponding increase in lipid metabolism, consistent 

with previous studies (18, 29). These findings may be associated with the increased 
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cardiac output (28, 29), circulatory fat delivery rates (17), oxidative phenotype of muscle 

(14, 16, 17, 19), and aerobic capacity of BAT (7, 11) of highland deer mice. While there 

has been emerging evidence for the increased role of circulatory lipids for powering 

thermogenesis in thermo-effector tissue (17), the specific distribution of these circulatory 

lipids had yet to be determined in detail.   

In this study, we determined fatty acid uptake among 24 tissues during peak 

thermogenesis in both highland and lowland deer mice acclimated to either TN or CH 

conditions. Our study emphasizes that in deer mice, larger and more centralized tissues, 

such as the liver, iBAT, and rectus femoris, uptake more circulatory fatty acids than 

smaller muscles located near the extremity of the animal, like the soleus and biceps 

brachii. We show that during cold-induced V̇O2max, CH acclimation increases fatty acid 

uptake from the circulation into BAT, to a greater extent in highlanders. Our results 

provide supporting evidence for BAT’s essential role in enhancing heat production by 

increasing NST, while the importance of ST is decreased (3, 13). However, while 

individual muscles may not be as active as BAT for fatty acid uptake, collectively, total 

muscle may provide the largest source of circulatory fatty acid clearance during heat 

production (> 50%, Figure 4.3; (4, 25)). These high clearance rates of fatty acids are 

presumably for sustaining ST and contribute to the high rates of lipid oxidation observed 

in deer mice (17, 18). Lastly, we propose the high rates of lipid oxidation observed in 

thermoregulating highland deer mice are associated with the adaptations allowing them to 

overcome the hindering effects hypoxia has on O2 transport (21) and BAT activity (2, 7). 

Future research should continue to distinguish the contribution of circulating lipids and 
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intracellular lipids in both BAT and muscles in the context of total heat production in 

highland native deer mice. 
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Figure 4.1 
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Figure 4.1. Cold-induced maximal oxygen consumption (V̇O2max) (in ml g-1 min-1) 

(A) with the corresponding Respiratory Exchange Ratios (RER= V̇CO2/V̇O2) (B) 
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and whole-animal lipid oxidation rates (in µmol g-1 hr-1) (C) of second-generation 

laboratory born and raised highland and lowland deer mice (Peromyscus 

maniculatus), acclimated to thermoneutral (30oC, 21 kPa O2;WN) or cold hypoxia 

(5oC, 12 kPa O2; CH) conditions. *Significant difference between populations. 

#Significant difference between acclimations. †CH highlanders are different than WN 

highlanders. Sample sizes for thermoneutral and cold hypoxia were N=24 and N=20 for 

highlanders, and N=25 and N=23 for lowlanders, respectively.  Data are presented as 

mean ± s.e.m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 
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Figure 4.2. The relative tissue uptake of 14C-palmitic acid of second-generation 

highland and lowland deer mice (Peromyscus maniculatus) acclimated to 

thermoneutral conditions (30oC, 21kPa) or cold hypoxia (5oC, 12kPa) exposed to a 

maximal cold challenge in hypoxia. All data are presented as means ± s.e.m., 

standardized to the relative tissue uptake of thermoneutral lowlanders (represented by the 

dashed line). See Table 4.1B for non-standardized values and sample sizes. *Significant 

main population effect (P <0.05). # Significant main acclimation effect (P<0.05).  
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Table 4.1 Average tissue mass, specific tissue activity (14C-counts per minute (CPM) per 

mg tissue), total tissue activity (total tissue CPM per g body mass), and relative tissue 

uptake of 14C-palmitic acid (as % CPM of all tissues) of highland and lowland deer mice 

acclimated to thermoneutral conditions (30oC, 21kPa) or cold hypoxia (5oC, 12kPa) 

exposed to a maximal cold challenge (cold-induced V̇O2max). Data are presented as 

means ± s.e.m., with sample sizes in parentheses. 

Tissue Tissue mass (mg) Specific activity 

(CPM mg-1) 

 Highlanders Lowlanders Highlanders Lowlanders 

 TNZ CH TNZ CH TNZ CH TNZ CH 

Auxiliary BAT 32.8 ± 3.4 

(6) 

25.7 ± 4.4 

(5) 

35.1 ± 6.4 

(5) 

30.1 ± 5.1 

(6) 

56.9 ± 16.0 

(6) 

109.3 ± 20.3# 

(4) 

59.1 ± 18.5 

(4) 

189.0 ± 44.9# 

(6) 

Bicep Brachii 17.2 ± 1.9* 

(6) 

16.2 ± 1.0* 

(5) 

10.0 ± 1.7 

(3) 

13.3 ± 1.4 

(6) 

54.3 ± 9.6 

(6) 

56.3 ± 5.7 

(5) 

90.3 ± 27.3 

(3) 

61.0 ± 7.3 

(6) 

Bicep Femoris 142.9 ± 9.3† 

(6) 

106.5 ± 12.3‡ 

(5) 

106.1 ± 5.7 

(5) 

117.3 ± 7.7 

(6) 

3.8 ± 0.6 

(6) 

5.8 ± 1.3 

(5) 

6.5 ± 1.1 

(5) 

5.3 ± 0.5 

(6) 

Diaphragm 50.0 ± 5.0* 

(6) 

75.1 ± 5.4*# 

(5) 

46.6 ± 4.6 

(5) 

55.2 ± 5.0# 

(6) 

59.9 ± 11.2 

(6) 

32.2 ± 8.5# 

(5) 

60.0 ± 8.6 

(5) 

38.6 ± 4.3# 

(6) 

Extensor 

Digitorum 

Longus 

5.9 ± 0.5 

(6) 

4.1 ± 0.5 

(5) 

4.4 ± 0.9 

(5) 

4.0 ± 0.3 

(5) 

120.8 ± 23.8 

(6) 

178.0 ± 40.0 

(5) 

206.9 ± 41.5 

(5) 

149.7 ± 21.0 

(6) 

Erector Spinae 85.3 ± 5.0 

(6) 

72.3 ± 10.4 

(5) 

89.9 ± 2.5 

(5) 

98.0 ± 9.8 

(6) 

7.8 ± 0.6 

(6) 

11.4 ± 2.7 

(5) 

9.2 ± 1.1 

(5) 

7.8 ± 1.0 

(6) 

Gluteus 94.1 ± 5.0 

(6) 

99.9 ± 14.8 

(5) 

68.8 ± 3.2 

(4) 

98.3 ± 10.9 

(6) 

5.8 ± 0.8 

(6) 

6.5 ± 1.5 

(5) 

9.3 ± 1.4 

(5) 

6.2 ± 0.8 

(6) 

Gonadal WAT 104.9 ± 5.1 

(5) 

244.7 ± 116.3 

(5) 

95.6 ± 24.3 

(5) 

68.6 ± 11.7 

(6) 

2.3 ± 0.5 

(6) 

3.5 ± 1.4# 

(5) 

2.9 ± 0.7 

(4) 

10.5 ± 2.6# 

(6) 

Interscapular 

BAT 
108.3 ± 13.2 

(6) 

82.5 ± 9.0 

(5) 

111.1 ± 19.0 

(5) 

108.3 ± 13.2 

(6) 

20.0 ± 9.2 

(6) 

49.3 ± 14.3# 

(5) 

21.3 ± 4.7 

(4) 

47.9 ± 9.0# 

(6) 

Inguinal WAT 112.1 ± 20.0 

(5) 

163.3 ± 42.2 

(5) 

84.9 ± 29.9 

(4) 

89.0 ± 20.1 

(6) 

3.2 ± 1.2 

(6) 

1.8 ± 0.8 

(4) 

2.4 ± 1.0 

(4) 

13.5 ± 4.9 

(6) 

Liver  676.0 ± 69.9* 

(6) 

755.7 ± 

38.6*# 

(5) 

469.2 ± 51.0 

(5) 

692.6 ± 58.9# 

(6) 

15.6 ± 2.1 

(6) 

10.6 ± 1.1# 

(5) 

25.7 ± 5.6 

(5) 

11.7 ± 1.9# 

(6) 

Left Ventricle 72.6 ± 2.7 

(6) 

88.5 ± 2.7 

(4) 

52.9 ± 3.7 

(5) 

104.8 ± 11.7‡ 

(6) 

66.8 ± 8.2 

(6) 

34.0 ± 5.9# 

(5) 

82.4 ± 7.8 

(5) 

28.7 ± 4.7# 

(6) 

Masseter 75.6 ± 2.7 

(6) 

80.0 ± 6.2 

(5) 

66.0 ± 4.1 

(5) 

90.9 ± 5.6‡ 

(6) 

8.2 ± 1.0 

(6) 

8.2 ± 1.3 

(5) 

12.8 ± 2.0 

(5) 

6.8 ± 1.2‡ 

(5) 

Rectus Femoris 77.0 ± 3.9* 

(6) 

69.0 ± 7.1* 

(5) 

58.9 ± 6.6 

(5) 

64.0 ± 4.5 

(6) 

8.2 ± 1.5 

(6) 

12.0 ± 3.0 

(5) 

14.7 ± 3.8 

(5) 

10.3 ± 1.7 

(6) 

Red 

Gastrocnemius 
37.5 ± 3.4* 

(6) 

41.0 ± 2.6* 

(5) 

31.5 ± 5.2 

(5) 

28.5 ± 1.3 

(5) 

26.3 ± 4.1 

(6) 

24.7 ± 5.4 

(5) 

41.6 ± 13.9 

(5) 

32.2 ± 4.0 

(6) 

Right Ventricle 23.3 ± 2.4 

(6) 

35.9 ± 2.7# 

(5) 

24.6 ± 3.2 

(5) 

37.7 ± 4.9# 

(6) 

206.1 ± 32.7 

(6) 

92.3 ± 15.3# 

(5) 

186.6 ± 45.3 

(5) 

78.5 ± 16.3# 

(6) 

Soleus 5.5 ± 0.4 

(6) 

4.8 ± 0.8 

(5) 

3.5 ± 0.2 

(3) 

4.6 ± 0.5 

(6) 

159.3 ± 16.2* 

(6) 

192.5 ± 48.5* 

(5) 

307.9 ± 71.1 

(3) 

220.7 ± 34.9 

(6) 

Semitendinosus 128.2 ± 4.9 

(6) 

106.5 ± 10.5 

(5) 

95.3 ± 15.4 

(5) 

105.2 ± 10.4 

(6) 

3.9 ± 0.63 

(6) 

6.2 ± 1.6 

(5) 

6.2 ± 0.6 

(4) 

5.6 ± 0.5 

(6) 

Tibialis 

Anterior 
32.1 ± 2.0 

(6) 

27.4 ± 3.5 

(5) 

26.0 ± 3.6 

(4) 

28.7 ± 1.9 

(6) 

18.0 ± 2.4† 

(6) 

26.2 ± 6.6†‡ 

(5) 

30.9 ± 8.9 

(4) 

16.6 ± 1.3‡ 

(6) 

Trapezius 69.6 ± 6.1 

(6) 

49.8 ± 8.3 

(5) 

55.6 ± 4.8 

(5) 

68.0 ± 4.1 

(6) 

14.4 ± 1.8 

(6) 

31.3 ± 9.5 

(5) 

18.5 ± 3.7 

(5) 

17.2 ± 1.7 

(6) 

Triceps 68.5 ± 3.1 

(6) 

66.2 ± 8.0 

(5) 

53.8 ± 4.5 

(5) 

63.1 ± 5.2 

(6) 

10.5 ± 1.1 

(6) 

12.1 ± 2.4 

(5) 

14.9 ± 1.5 

(5) 

11.4 ± 1.1 

(6) 

Vastus 

Lateralis 
62.1 ± 4.0 

(6) 

54.7 ± 6.4 

(5) 

59.8 ± 6.3 

(5) 

61.6 ± 2.6 

(6) 

9.8 ± 0.4 

(6) 

15.1 ± 4.8 

(5) 

10.4 ± 0.5 

(4) 

11.4 ± 1.4 

(6) 

Vastus 

Medialis 
13.1 ± 1.6 

(6) 

11.0 ± 1.4 

(5) 

13.2 ± 1.2 

(5) 

11.0 ± 0.9 

(6) 

54.5 ± 5.6 

(6) 

92.8 ± 21.7 

(5) 

80.4 ± 20.7 

(4) 

88.7 ± 10.2 

(6) 

White 

Gastrocnemius 
56.4 ± 4.0† 

(6) 

42.2 ± 6.1 

(5) 

37.7 ± 0.7 

(4) 

42.2 ± 3.4 

(6) 

9.3 ± 1.1† 

(6) 

15.6 ± 3.8‡ 

(5) 

17.3 ± 2.4 

(5) 

13.9 ± 1.4 

(6) 

Values for liver total activity are x103. *Significant main population effect (P <0.05). # Significant main 

acclimation effect (P<0.05). Significant differences in population × acclimation interactions result from 

Holm Sidak post hoc tests (P < 0.05). †Significantly different than lowlanders, within an acclimation. 

‡Significantly different than thermoneutral conditions, within a population. 



Ph.D. Thesis – S.A. Lyons; McMaster University – Department of Biology 

138 
 

Table 4.1 continued… 

Tissue Total activity  

(CPM g-1 body weight) 
Relative tissue uptake (%) 

 Highlanders Lowlanders Highlanders Lowlanders 

 TNZ CH TNZ CH TNZ CH TNZ CH 

Auxiliary BAT 814.2 ± 

214.2* 

(6) 

1237.9 ± 

288.2* 

(5) 

1701.4 ± 

512.4 

(5) 

2117.8 ± 

477.0 

(6) 

5.73 ± 0.82 

(6) 

9.76 ± 0.50 

(4) 

9.26 ± 3.13 

(5) 

10.61 ± 1.64 

(6) 

Bicep Brachii 220.9 ± 47.8 

(6) 

210.3 ± 50.1 

(5) 

150.6 ± 37.9 

(3) 

155.6 ± 29.6 

(6) 

1.72 ± 0.31* 

(6) 

1.44 ± 0.19* 

(5) 

0.76 ± 0.17 

(3) 

0.88 ± 0.19 

(6) 

Bicep Femoris 1085.7 ± 

168.9 

(6) 

819.8 ± 155.5 

(5) 

1250.1 ± 

173.8 

(5) 

1044.3 ± 

123.7 

(6) 

8.15 ± 0.31 

(6) 

5.76 ± 0.62# 

(5) 

6.42 ± 0.53 

(5) 

5.60 ± 0.69# 

(6) 

Diaphragm 2180.0 ± 

356.5 

(6) 

2232.2 ± 

392.9 

(5) 

2174.5 ± 

317.2 

(5) 

1663.9 ± 

250.6 

(6) 

- - - - 

Extensor 

Digitorum 

Longus 

59.4 ± 12.2 

(6) 

37.4 ± 7.3 

(5) 

59.4 ± 13.3 

(5) 

48.7 ± 14.0 

(6) 

0.44 ± 0.06 

(6) 

0.26 ± 0.03 

(5) 

0.24 ± 0.03 

(4) 

0.26 ± 0.07 

(6) 

Erector Spinae 848.0 ± 93.9* 

(6) 

574.1 ± 

30.8*# 

(4) 

1288.9 ± 

127.7 

(5) 

1042.7 ± 

133.9# 

(6) 

6.63 ± 0.61 

(6) 

4.88 ± 0.50# 

(5) 

6.68 ± 0.28 

(5) 

5.69 ± 0.89# 

(6) 

Gluteus 758.0 ± 115.9 

(6) 

708.1 ± 79.8 

(5) 

941.1 ± 136.7 

(5) 

811.5 ± 80.4 

(6) 

5.82 ± 0.63 

(6) 

5.19 ± 0.44 

(5) 

4.91 ± 0.71 

(5) 

4.48 ± 0.70 

(6) 

Gonadal WAT 519.7 ± 105.7 

(6) 

554.9 ± 82.8 

(5) 

583.6 ± 198.6 

(5) 

561.9 ± 105.0 

(6) 

3.19 ± 0.50 

(5) 

4.22 ± 0.83 

(5) 

3.13 ± 1.03 

(5) 

2.96 ± 0.58 

(6) 

Interscapular 

BAT 
2225.0 ± 

461.5* 

(6) 

3780.2 ± 

447.4* 

(5) 

5338.4 ± 

683.9 

(5) 

6381.4 ± 

1191.0 

(6) 

16.12 ± 1.82* 

(6) 

27.45 ± 

1.87*# 

(5) 

27.66 ± 2.75 

(5) 

31.59 ± 3.37# 

(6) 

Inguinal WAT 585.2 ± 138.5 

(6) 

575.6 ± 63.0 

(5) 

655.1 ± 148.7 

(5) 

962.0 ± 160.2 

(6) 

4.63 ± 0.85 

(6) 

4.18 ± 0.27 

(5) 

3.40 ± 0.73 

(5) 

4.99 ± 0.82 

(6) 

Liver  104.2 ± 15.2 

(6) 

85.5 ± 17.7 

(5) 

87.6 ± 14.4 

(5) 

68.0 ± 3.5 

(5) 

- - - - 

Left Ventricle 5159.0 ± 

609.2 

(6) 

3922.9 ± 

509.2 

(5) 

4003.3 ± 

434.1 

(5) 

3983.8 ± 

418.1 

(6) 

- - - - 

Masseter 717.6 ± 130.2 

(6) 

676.9 ± 94.0 

(5) 

1027.0 ± 

153.1 

(5) 

759.2 ± 91.6 

(5) 

5.28 ± 0.32 

(6) 

4.84 ± 0.38# 

(5) 

5.26 ± 0.42 

(5) 

4.18 ± 0.28# 

(5) 

Rectus Femoris 695.6 ± 113.0 

(6) 

666.9 ± 104.5 

(5) 

768.2 ± 79.5 

(5) 

578.8 ± 67.2 

(6) 

5.22 ± 0.27* 

(6) 

4.68 ± 0.22*# 

(5) 

4.00 ± 0.34 

(5) 

3.14 ± 0.40# 

(6) 

Red 

Gastrocnemius 
511.6 ± 70.8 

(6) 

542.8 ± 108.6 

(5) 

562.9 ± 75.3 

(5) 

447.9 ± 32.4 

(6) 

4.05 ± 0.54 

(6) 

3.74 ± 0.33# 

(5) 

2.93 ± 0.37 

(5) 

2.53 ± 0.45# 

(6) 

Right Ventricle 1613.9 ± 

278.7 

(6) 

1540.3 ± 

264.4 

(5) 

1646.5 ± 

128.8 

(5) 

1361.0 ± 

139.7 

(6) 

- - - - 

Soleus 71.4 ± 9.4 

(6) 

46.7 ± 5.5 

(5) 

70.5 ± 17.3 

(3) 

62.8 ± 7.3 

(6) 

0.59 ± 0.11 

(6) 

0.34 ± 0.03 

(5) 

0.35 ± 0.06 

(3) 

0.35 ± 0.05 

(6) 

Semitendinosus 954.8 ± 146.1 

(6) 

826.0 ± 117.0 

(5) 

1135.5 ± 

180.8 

(5) 

869.5 ± 111.1 

(6) 

7.20 ± 0.53 

(6) 

5.88 ± 0.26 

(5) 

6.05 ± 1.09 

(5) 

4.89 ± 0.93 

(6) 

Tibialis 

Anterior 
273.7 ± 41.2 

(6) 

227.5 ± 44.2# 

(5) 

307.1 ± 29.5 

(4) 

195.8 ± 19.8# 

(6) 

2.08 ± 0.13* 

(6) 

1.62 ± 0.19*# 

(5) 

1.57 ± 0.09 

(4) 

1.06 ± 0.14# 

(6) 

Trapezius 820.6 ± 105.2 

(5) 

755.1 ± 106.6 

(5) 

983.0 ± 221.1 

(5) 

1173.1 ± 

186.9 

(6) 

8.00 ± 1.10 

(6) 

5.56 ± 0.76 

(5) 

5.00 ± 0.82 

(5) 

6.00 ± 0.56 

(6) 

Triceps 737.5 ± 99.3 

(6) 

684.3 ± 179.2 

(5) 

742.5 ± 100.7 

(5) 

644.7 ± 77.7 

(6) 

5.76 ± 0.67* 

(6) 

4.74 ± 0.79* 

(5) 

3.86 ± 0.38 

(5) 

3.57 ± 0.56 

(6) 

Vastus 

Lateralis 
575.1 ± 82.6 

(6) 

517.8 ± 95.0 

(5) 

778.5 ± 104.8 

(5) 

551.8 ± 20.5 

(5) 

4.41 ± 0.36 

(6) 

3.60 ± 0.40 

(5) 

4.03 ± 0.43 

(5) 

3.31 ± 0.34 

(6) 

Vastus 

Medialis 
136.9 ± 29.1 

(6) 

137.1 ± 31.4 

(5) 

217.7 ± 18.2 

(4) 

156.5 ± 30.4 

(6) 

1.02 ± 0.14 

(6) 

0.93 ± 0.11 

(5) 

1.09 ± 0.06 

(4) 

0.80 ± 0.11 

(6) 

White 

Gastrocnemius 
449.5 ± 72.3 

(6) 

315.0 ± 57.5# 

(5) 

498.1 ± 88.2 

(5) 

345.6 ± 33.7# 

(6) 

3.41 ± 0.42 

(6) 

2.27 ± 0.28# 

(5) 

2.55 ± 0.33 

(5) 

1.90 ± 0.26# 

(6) 

Values for liver total activity are x103. *Significant main population effect (P <0.05). #Significant main 

acclimation effect (P<0.05). Significant differences in population × acclimation interactions result from 

Holm Sidak post hoc tests (P < 0.05). †Significantly different than lowlanders, within an acclimation. 

‡Significantly different than thermoneutral conditions, within a population. 
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Table 4.2. Statistics summary for data in Table 4.1. F and P values for 2-way ANOVA 

for population (Pop), acclimation (Acc) and population × acclimation interaction. Bolded 

values are statistically significant. 

Tissue Tissue mass (mg) 
Specific Activity 

(CPM mg-1) 

 Pop Acc Pop × Acc Pop Acc Pop × Acc 
Auxiliary BAT F1,18 = 0.48 

P = 0.50 
F1,18 = 1.53 

P = 0.23 
F1,18 = 0.05 

P = 0.83 
F1,16 = 1.66 

P = 0.22 
F1,16 = 8.25 

P = 0.01 
F1,16 = 1.49 

P = 0.24 
Bicep Brachii F1,16 = 9.16 

P < 0.01 
F1,16 = 0.46 

P = 0.51 
F1,16 = 1.75 

P = 0.20 
F1,16 = 3.20 

P = 0.09 
F1,16 = 1.45 

P = 0.25 
F1,16 = 1.91 

P = 0.19 
Bicep Femoris F1,18 = 2.07 

P = 0.17 
F1,18 = 1.92 

P = 0.18 
F1,18 = 6.91 

P = 0.02 
F1,18 = 1.56 

P = 0.23 
F1,18 = 0.23 

P = 0.64 
F1,18 = 3.57 

P = 0.08 
Diaphragm F1,18 = 5.37 

P = 0.03 
F1,18 = 11.21 

P < 0.01 
F1,18 = 2.71 

P = 0.12 
F1,18 = 0.14 

P = 0.71 
F1,18 = 8.19 

P = 0.01 
F1,18 = 0.13 

P = 0.72 
Extensor 

Digitorum 

Longus 

F1,18 = 1.72 

P = 0.21 
F1,18 = 3.26 

P = 0.09 
F1,18 = 1.24 

P = 0.28 
F1,18 = 0.85 

P = 0.37 
F1,18 < 0.01 

P >0.99 
F1,18 = 3.33 

P = 0.09 

Erector Spinae F1,18 = 3.80 

P = 0.07 
F1,18 = 0.10 

P = 0.76 
F1,18 = 1.83 

P = 0.19 
F1,18 = 0.57 

P = 0.46 
F1,18 = 0.53 

P = 0.47 
F1,18 = 2.99 

P = 0.10 
Gluteus F1,17 = 1.78 

P = 0.20 
F1,17 = 3.07 

P = 0.10 
F1,17 = 1.39 

P = 0.26 
F1,18 = 2.13 

P = 0.16 
F1,18 = 1.10 

P = 0.31 
F1,18 = 2.72 

P = 0.12 
Gonadal WAT F1,17 = 2.66 

P = 0.12 
F1,17 = 0.98 

P = 0.34 
F1,17 = 2.15 

P = 0.16 
F1,17 = 4.89 

P = 0.04 
F1,17 = 6.39 

P = 0.02 
F1,17 = 3.39 

P = 0.08 
Interscapular 

BAT 
F1,18 = 1.04 

P = 0.32 
F1,18 = 1.04 

P = 0.32 
F1,18 = 0.68 

P = 0.42 
F1,17 < 0.01 

P > 0.99 
F1,17 = 7.22 

P = 0.02 
F1,17 = 0.02 

P = 0.90 

Inguinal WAT F1,16 = 3.04 

P = 0.10 
F1,16 = 0.90 

P = 0.36 
F1,16 = 0.66 

P = 0.43 
F1,16 = 2.92 

P = 0.11 
F1,16 = 2.33 

P = 0.15 
F1,16 = 3.86 

P = 0.07 
Liver F1,18 = 5.38 

P = 0.03 
F1,18 = 6.79 

P = 0.02 
F1,18 = 1.53 

P = 0.23 
F1,18 = 3.47 

P = 0.08 
F1,18 = 9.89 

P < 0.01 
F1,18 = 2.19 

P = 0.16 
Left Ventricle F1,17 = 0.05 

P = 0.82 
F1,17 = 21.14 

P < 0.01 
F1,17 = 5.99 

P = 0.03 
F1,18 = 0.56 

P = 0.46 
F1,18 = 40.06 

P < 0.01 
F1,18 = 2.34 

P = 0.14 
Masseter F1,18 = 0.02 

P = 0.89 
F1,18 = 9.43 

P < 0.01 
F1,18 = 4.55 

P = 0.05 
F1,17 = 1.31 

P = 0.27 
F1,17 = 4.53 

P = 0.05 
F1,17 = 4.64 

P = 0.05 
Rectus Femoris F1,18 = 4.45 

P = 0.05 
F1,18 = 0.07 

P = 0.80 
F1,18 = 1.41 

P = 0.25 
F1,18 = 0.93 

P = 0.35 
F1,18 = 0.01 

P = 0.91 
F1,18 = 2.69 

P = 0.12 
Red 

Gastrocnemius 
F1,17 = 7.15 

P = 0.02 
F1,17 < 0.01 

P = 0.94 
F1,17 = 0.86 

P = 0.37 
F1,18 = 2.33 

P = 0.14 
F1,18 = 0.54 

P = 0.47 
F1,18 = 0.28 

P = 0.60 

Right Ventricle F1,18 = 0.19 

P = 0.67 
F1,18 = 13.03 

P < 0.01 
F1,18 < 0.01 

P = 0.94 
F1,18 = 0.32 

P = 0.58 
F1,18 = 14.07 

P < 0.01 
F1,18 < 0.01 

P = 0.92 
Soleus F1,16 = 3.43 

P = 0.08 
F1,16 = 0.06 

P = 0.80 
F1,16 = 2.31 

P = 0.15 
F1,16 = 4.73 

P = 0.05 
F1,16 = 0.44 

P = 0.52 
F1,16 = 2.19 

P = 0.16 
Semitendinosus F1,18 = 2.62 

P = 0.12 
F1,18 = 0.31 

P = 0.58 
F1,18 = 2.24 

P = 0.15 
F1,17 = 0.77 

P = 0.39 
F1,17 = 0.77 

P = 0.39 
F1,17 = 2.29 

P = 0.15 
Tibialis 

Anterior 
F1,17 = 0.80 

P = 0.38 
F1,17 = 0.12 

P = 0.73 
F1,17 = 1.87 

P = 0.19 
F1,17 = 0.11 

P = 0.74 
F1,17 = 0.40 

P = 0.54 
F1,17 = 5.38 

P = 0.03 

Trapezius F1,18 = 0.13 

P = 0.73 
F1,18 = 0.38 

P = 0.54 
F1,18 = 7.35 

P = 0.01 
F1,18 = 1.08 

P = 0.31 
F1,18 = 2.66 

P = 0.12 
F1,18 = 3.60 

P = 0.07 
Triceps F1,18 = 2.78 

P = 0.11 
F1,18 = 0.42 

P = 0.52 
F1,18 = 1.17 

P = 0.29 
F1,18 = 1.45 

P = 0.24 
F1,18 = 0.37 

P = 0.55 
F1,18 = 2.58 

P = 0.13 
Vastus 

Lateralis 
F1,18 = 0.23 

P = 0.64 
F1,18 = 0.34 

P = 0.57 
F1,18 = 0.89 

P = 0.36 
F1,17 = 0.40 

P = 0.54 
F1,17 = 1.70 

P = 0.21 
F1,17 = 0.76 

P = 0.40 

Vastus 
Medialis 

F1,18 < 0.01 

P = 0.95 
F1,18 = 2.673 

P = 0.12 
F1,18 < 0.01 

P = 0.95 
F1,17 = 0.55 

P = 0.47 
F1,17 = 2.53 

P = 0.13 
F1,17 = 1.04 

P = 0.32 

White 

Gastrocnemius 
F1,17 = 4.86 

P = 0.04 
F1,17 = 1.27 

P = 0.28 
F1,17 = 4.82 

P = 0.04 
F1,18 = 1.96 

P = 0.18 
F1,18 = 0.41 

P = 0.53 
F1,18 = 4.68 

P = 0.04 
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Table 4.2. continued … 

Tissue 
Total activity  

(CPM g-1 body weight) 

Relative Tissue Uptake  

(%) 

 Pop Acc Pop × Acc Pop Acc Pop × Acc 
Auxiliary BAT F1,18 = 5.07 

P = 0.04 
F1,18 = 1.15 

P = 0.30 
F1,18 < 0.01 

P = 0.99 
F1,17 = 1.40 

P = 0.25 
F1,17 = 2.10 

P = 0.17 
F1,17 = 0.53 

P = 0.48 
Bicep Brachii F1,16 = 1.88 

P = 0.19  
F1,16 > 0.01 

P = 0.95 
F1,16 = 0.03 

P = 0.87 
F1,16 = 8.57 

P < 0.01  
F1,16 = 0.09 

P = 0.76 
F1,16 = 0.58 

P = 0.46 
Bicep Femoris F1,18 = 1.54 

P = 0.23  
F1,18 = 2.273 

P = 0.15 
F1,18 = 0.04 

P = 0.85 
F1,18 = 2.92 

P = 0.10  
F1,18 = 8.32 

P < 0.01 
F1,18 = 2.02 

P = 0.17 
Diaphragm F1,18 = 0.75 

P = 0.40  
F1,18 = 0.48 

P = 0.50 
F1,18 = 0.72 

P = 0.41 
- - - 

Extensor 

Digitorum 

Longus 

F1,18 = 0.21 

P = 0.65  
F1,18 = 1.74 

P = 0.20 
F1,18 = 0.21 

P = 0.66 
F1,17 = 3.46 

P = 0.08 
F1,17 = 2.37 

P = 0.14 
F1,17 = 3.19 

P = 0.09 

Erector Spinae F1,17 = 15.75 

P < 0.01 
F1,17 = 5.15 

P = 0.04 
F1,17 = 0.01 

P = 0.91 
F1,18 = 0.45 

P = 0.51 
F1,18 = 4.45 

P = 0.05 
F1,18 = 0.35 

P = 0.56 
Gluteus F1,18 = 1.84 

P = 0.19 
F1,18 = 0.72 

P = 0.41 
F1,18 = 0.14 

P = 0.71 
F1,18 = 1.57 

P = 0.23 
F1,18 = 0.69 

P = 0.42 
F1,18 = 0.02 

P = 0.88 
Gonadal WAT F1,18 = 0.08 

P = 0.78  
F1,18 < 0.01 

P = 0.96 
F1,18 = 0.05 

P = 0.83 
F1,17 = 0.78 

P = 0.39  
F1,17 = 0.33 

P = 0.57 
F1,17 = 0.65 

P = 0.43 
Interscapular 

BAT 
F1,18 = 12.87 

P < 0.01  
F1,18 = 2.66 

P = 0.12 
F1,18 = 0.10 

P = 0.75 
F1,18 = 9.14 

P < 0.01  
F1,18 = 8.66 

P < 0.01 
F1,18 = 2.03 

P = 0.17 

Inguinal WAT F1,18 = 2.74 

P = 0.12  
F1,18 = 1.16 

P = 0.30 
F1,18 = 1.32 

P = 0.27 
F1,18 = 0.08 

P = 0.78  
F1,18 = 0.58 

P = 0.46 
F1,18 = 1.89 

P = 0.19 
Liver F1,17 = 1.48 

P = 0.24 
F1,17 = 1.87 

P = 0.19 
F1,17 < 0.01 

P = 0.97 
- - - 

Left Ventricle F1,18 = 1.16 

P = 0.30  
F1,18 = 1.53 

P = 0.23 
F1,18 = 1.43 

P = 0.25 
- - - 

Masseter F1,17 = 2.57 

P = 0.13 
F1,17 = 1.60 

P = 0.22 
F1,17 = 0.87 

P = 0.37 
F1,17 = 0.94 

P = 0.35 
F1,17 = 4.73 

P = 0.04 
F1,17 = 0.81 

P = 0.38 
Rectus Femoris F1,18 < 0.01 

P = 0.94  
F1,18 = 1.35 

P = 0.26 
F1,18 = 0.73 

P = 0.40 
F1,18 = 18.05 

P < 0.01  
F1,18 = 4.74 

P = 0.04 
F1,18 = 0.27 

P = 0.61 
Red 

Gastrocnemius 
F1,18 = 0.09 

P = 0.77  
F1,18 = 0.32 

P = 0.56 
F1,18 = 0.99 

P = 0.33 
F1,18 = 6.87 

P = 0.02 
F1,18 = 0.63 

P = 0.44 
F1,18 = 0.01 

P = 0.92 

Right Ventricle F1,18 = 0.11 

P = 0.74  
F1,18 = 0.68 

P = 0.42 
F1,18 = 0.24 

P = 0.63 
- - - 

Soleus F1,16 = 0.65 

P = 0.43  
F1,16 = 2.92 

P = 0.11 
F1,16 = 0.80 

P = 0.38 
F1,16 = 2.08 

P = 0.17  
F1,16 = 2.47 

P = 0.14 
F1,16 = 2.34 

P = 0.15 
Semitendinosus F1,18 = 0.64 

P = 0.44 
F1,18 = 1.97 

P = 0.18 
F1,18 = 0.24 

P = 0.63 
F1,18 = 1.90 

P = 0.18 
F1,18 = 2.56 

P = 0.13 
F1,18 = 0.01 

P = 0.92 
Tibialis 
Anterior 

F1,17 < 0.01 

P = 0.98  
F1,17 = 4.80 

P = 0.04 
F1,17 = 0.82 

P = 0.38 
F1,17 = 12.40 

P < 0.01  
F1,17 = 10.49 

P < 0.01 
F1,17 = 0.02 

P = 0.88 

Trapezius F1,17 = 3.02 

P = 0.10 
F1,17 = 0.14 

P = 0.71 
F1,17 = 0.59 

P = 0.45 
F1,18 = 2.29 

P = 0.15 
F1,18 = 0.72 

P = 0.41 
F1,18 = 4.13 

P = 0.06 
Triceps F1,18 = 0.02 

P = 0.88 
F1,18 = 0.42 

P = 0.52 
F1,18 = 0.04 

P = 0.85 
F1,18 = 6.09 

P = 0.02 
F1,18 = 1.11 

P = 0.31 
F1,18 = 0.34 

P = 0.57 
Vastus 

Lateralis 
F1,17 = 2.04 

P = 0.17 
F1,17 = 2.92 

P = 0.11 
F1,17 = 1.04 

P = 0.32 
F1,18 = 0.78 

P = 0.39 
F1,18 = 4.08 

P = 0.06 
F1,18 = 0.01 

P = 0.91 

Vastus 

Medialis 
F1,17 = 2.84 

P = 0.11 
F1,17 = 1.06 

P = 0.32 
F1,17 = 1.07 

P = 0.32 
F1,17 = 0.09 

P = 0.76 
F1,17 = 2.66 

P = 0.12 
F1,17 = 0.76 

P = 0.40 

White 
Gastrocnemius 

F1,18 = 0.37 

P = 0.55 
F1,18 = 4.90 

P = 0.04 
F1,18 = 0.02 

P = 0.89 
F1,18 = 3.37 

P = 0.08 
F1,18 = 7.17 

P = 0.02 
F1,18 = 0.52 

P = 0.48 
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Figure 4.3 
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Figure 4.3. The absolute (A) and relative uptake (B) of 14C-bromopalmitic acid into 

muscle (light grey bar), white adipose tissue (WAT, white bar) and brown adipose 

tissue (BAT, dark grey bar) of highland and lowland deer mice acclimated to 

thermoneutral conditions (TN, 30oC, 21kPa) or cold hypoxia (CH, 5oC, 12kPa) 

exposed to a maximal cold challenge. Sample sizes for TN and CH were N=6 and N=5 

for highlanders, and N=5 and N=6 for lowlanders, respectively. †TN highlander BAT are 

significantly different than CH highlander BAT (P < 0.05). ‡WN highlander muscle and 

BAT are significantly different than CH highlander muscle and BAT (P < 0.05). Data are 

reported as means ± s.e.m. 
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Figure 4.4 
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Figure 4.4. Apparent maximal enzyme activities (Vmax) of citrate synthase (CS) (A), 

ß-hydroxyacyl-CoA dehydrogenase (HOAD) (B), and cytochrome c oxidase (COX) 

(C) in the brown adipose tissue (BAT), erector spinae (ES), rectus femoris (RF), red 

gastrocnemius (RG), white gastrocnemius (WG) and tibialis anterior (TA). Second-

generation laboratory born and raised highland and lowland deer mice (Peromyscus 

maniculatus), acclimated to thermoneutral (TN, 30oC, 21 kPa O2) or cold hypoxia (CH, 

5oC, 12 kPa O2) conditions. All enzyme activities were standardized to g-1 of tissue wet 

weight (w.w). Symbols represent significant differences resulting from Holm Sidak post 

hoc tests (P <0.05). *Significant difference between populations. #Significant difference 

between acclimations. ‡TN highlanders are different than TN lowlanders. †CH 

highlanders are different than WN highlanders. Sample sizes for TN and CH were N=9 

and N=6 for highlanders, and N=9 and N=6 for lowlanders, respectively. Data are 

reported as means ± s.e.m. 
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Figure 4.5 
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Figure 4.5. Relative protein abundance of fatty acid translocase (FAT/CD36) in (A) 

interscapular brown adipose tissue (BAT), (B) erector spinae, (C) red gastrocnemius 

and (D) white gastrocnemius. Second-generation laboratory born and raised highland 

and lowland deer mice (Peromyscus maniculatus), acclimated to thermoneutral (TN, 

30oC, 21 kPa O2) or cold hypoxia (CH, 5oC, 12 kPa O2) conditions. Representative 

western blots are shown for each tissue. #Significant difference between acclimations (P 

< 0.05). Sample sizes for each treatment group are shown in parentheses at the bottom of 

the bar. Data are reported as means ± s.e.m. 
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CHAPTER 5: GENERAL DISCUSSION 

 

The overall objective of my thesis was to understand how lipid metabolism has 

evolved to sustain the high rates of thermogenesis observed in deer mice living at high 

altitude. Furthermore, my goal was to elucidate whether the adaptations sustaining lipid 

metabolism at high altitude are due to fixed genetic traits and/or environmentally induced 

plasticity. Prior to my thesis work, the following questions were either unclear or 

unanswered: 1) What are the rates of lipid oxidation in deer mice during submaximal and 

maximal intensities of thermogenesis? What proportion of total energy expenditure do 

lipids represent? How do thermogenic lipid oxidation rates compare to those observed 

during exercise? 2) Which components of the lipid metabolic pathway contribute to 

differences in lipid oxidative capacity between populations of highland and lowland deer 

mice? 3) What are the contributions of various thermo-effector tissues to maximal heat 

production in deer mice, and does this proportion change with acclimation to either 

thermoneutral or cold hypoxic conditions? My overarching hypothesis was that highland 

native deer mice are adapted to survive in the cold high alpine because there has been 

selection for high lipid oxidation to power heat production. In Chapter 2, I determined 

that lipids are the primary fuel source for both submaximal and maximal intensities of 

thermogenesis in deer mice. The normoxic whole-animal lipid oxidation rates of 

maximally cold-challenged deer mice, especially cold hypoxia acclimated highlanders, 

were higher than those observed during running exercise. In fact, lipid oxidation at 

normoxic cold-induced V̇O2max are the highest mass-specific rates of mammalian lipid 

oxidation recorded in the literature to date. Assessment of various key steps along the 
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lipid metabolic pathway in Chapter 3 revealed that high rates of circulatory NEFA and 

TG delivery may dictate the high lipid oxidation rates observed in thermoregulating high-

altitude deer mice. In Chapter 4, I examined the relative distribution of circulating fatty 

acids during maximal heat production in deer mice by measuring fatty acid uptake into 24 

tissues. I found that highland deer mice acclimated to cold hypoxia increased uptake of 

fatty acids into brown adipose tissue while decreasing uptake into shivering skeletal 

muscle. This acclimation response, observed only in highland BAT, provides further 

evidence that highlanders have overcome the inhibitory effects of hypoxia on the cold 

response, in contrast with what is commonly observed in lowland mice. Altogether, the 

data chapters of this thesis provide thorough evidence for how highland deer mice 

evolved increased capacities for lipid oxidation during thermogenesis, which has served 

to increase their survival in montane environments.  

 

5.1 THE EVOLUTION OF LIPID USE AT HIGH ALTITUDE IN DEER MICE 

Deer mice inhabiting the cold and hypoxic environment of high altitude face 

selective pressure to enhance heat producing capacities to ensure survival (Hayes and 

O’Connor, 1999). In Colorado, mountaintop summer temperatures peak at 10oC and fall 

below -25oC during the winter, temperatures far below the thermoneutral zone of deer 

mice (Hayward et al., 2022). For mammals, lipids are a major fuel source for sustaining 

daily physical activities as lipids are largely abundant and provide high amounts of 

energy (Weber, 2011). Heat production has been reported to be primarily fuelled by lipids 

in an array of mammals, including humans (Ouellet et al., 2012; Blondin et al., 2014, 

2015; Saari et al., 2020), lab rats (Hauton et al., 2009; Vaillancourt et al., 2009; Labbé et 
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al., 2015), and deer mice (Cheviron et al., 2012; Lyons et al., 2021; Hayward et al., 

2022). An advantage of relying on lipids for long term thermogenesis is that 

carbohydrates are spared for more intense locomotory activity. Despite the lower ATP 

yield per mol O2 in lipids compared to carbohydrates, deer mice faced with limited 

oxygen availability still use lipids to power thermogenesis (Cheviron et al., 2012; Lyons 

et al., 2021), highlighting the importance of using this metabolic substrate at high altitude 

(Figure 5.S1). 

The deer mouse model used in this thesis provides a very powerful system for 

studying high-altitude physiology. Deer mice bred in common conditions, and acclimated 

to conditions simulating high altitude, allow us analyze traits associated with genetic 

ancestry and phenotypic plasticity in isolation. Highlanders that have been acclimated to 

high-altitude conditions display the highest thermogenic capacities and whole-animal 

lipid oxidation rates during cold-induced V̇O2max compared to warm-acclimated 

highlanders, and lowlanders acclimated to warm normoxic and cold hypoxic conditions 

(Cheviron et al., 2012; Tate et al., 2020; Lyons et al., 2021, Chapter 4). Interestingly, my 

main findings infer that circulatory lipid transport far exceeds the lipid supply required 

for thermogenic lipid oxidation (Figure 5.S2; Lyons and McClelland, 2022). High rates of 

lipid use are the end product of a complex and integrated response have been highlighted 

both in previous studies and in this thesis. In brief, the higher thermogenic capacities and 

lipid oxidation rates observed in highlanders can be attributed to the higher rates of fat-

fuelled NST (Coulson et al., 2021) and ST (Robertson and McClelland, 2019). The 

mechanisms that make whole-animal thermogenesis greater in highlanders are likely 
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linked to their increased cardiac output and plasma flow (Tate et al., 2017, 2020), 

increased circulatory delivery of lipids to BAT and skeletal muscle (Lyons and 

McClelland, 2022; Chapter 4), higher BAT activity, respiration, and fatty acid uptake 

(Coulson et al., 2021; Chapter 4), and increased skeletal muscle capillarity (Lui et al., 

2015), proportion of oxidative fibres (Lui et al., 2015; Mahalingam et al., 2017), and 

mitochondrial density/activity (Lau et al., 2017; Mahalingam et al., 2017; Mahalingam et 

al., 2020; Dawson and Scott, 2022). These adaptations all serve to contribute to the high 

lipid oxidation rates observed in highland deer mice during maximal heat production. 

In Chapter 3 (Lyons and McClelland, 2022), I proposed that high circulatory delivery 

of lipids plays a critical role in contributing to the high lipid oxidation rates observed 

during thermogenesis in highland deer mice. These findings may be supported by the fact 

that lipid and O2 transport are both predominately dictated by the cardiovascular system. 

Because O2 is more limited than metabolic substrates in mammals, O2 delivery is a major 

determinant of cardiovascular function and as such, the circulatory transport pathway has 

most likely evolved to favour O2 transport given how limiting O2 is in mammalian 

metabolism (Weibel et al., 1996). Interestingly, many of the adaptations associated with 

increased circulatory O2 delivery may also benefit circulatory lipid transport. In 

highlanders, cardiac outputs and left ventricle ejection fractions are greater than those 

observed in lowland conspecifics, allowing for higher rates of blood transport throughout 

the body to working tissues (Tate et al., 2017, 2020; Wearing et al., 2022). Highlanders 

also have higher hemoglobin O2-binding affinities (Storz et al., 2010), which allow for 

higher arterial O2 saturations in hypoxia and lower hematocrits (Lui et al., 2015), and 
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increased plasma flow rates compared to lowlanders (Tate et al., 2020; Lyons and 

McClelland, 2022). Increased plasma flow also serves to increase lipid transport, as 

NEFAs and TGs are circulated bound to albumin and lipoproteins in the circulation. 

Furthermore, increased tissue capillarity of highlanders offers increased diffusion surface 

area and uptake capacity for both O2 and metabolic substrates (Lui et al., 2015). Finally, 

the increased subsarcolemmal mitochondrial volume density of highland skeletal muscle 

decreases substrate diffusion distances and has been associated with increased fatty acid 

oxidative capacities (Mahalingam et al., 2020; Dawson and Scott, 2022). Therefore, given 

the determining role of circulatory lipid transport in the high lipid oxidation rates 

observed in highland native deer mice, it may have evolved in concert with increasing O2 

transport in a hypoxic environment.  

Remarkably, all these adaptations associated with increased fuel and O2 transport 

coincide with the evolved physiology of migratory birds, the champions of metabolism. 

High O2 extraction, high rates of O2 and lipid (TGs and NEFAs) transport, high number 

of oxidative fibres, increased capillarity, high mitochondrial densities, high 

membrane/cytosolic concentrations of fatty acid binding protein and increased oxidation 

of lipids are all identified in migrating bar headed geese, which migrate over the 

Himalayas (Scott et al., 2015). Given the similarities of fuel use and O2 transport between 

migrating birds and high-altitude deer mice, it becomes more impressive how these deer 

mice can achieve and sustain such high metabolic rates for thermogenesis and lipid 

metabolism.  
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High lipid oxidation rates during cold-induced V̇O2max may be a performance trait 

not only important for maximal heat production. In the wild, it is unlikely that highland 

deer mice are constantly burning lipids at the high maximal rates measured in this thesis; 

however, they must be able to consistently sustain thermogenesis to maintain constant 

body temperatures. Both highland and lowland deer mice acclimated to either warm 

normoxia or cold hypoxia oxidize lipids at the same rate in moderate cold (0oC, ~50-30% 

of normoxic cold-induced V̇O2max), suggesting a specific metabolic cost for submaximal 

thermogenesis (Lyons et al., 2021). Having a high maximal capacity for lipid oxidation 

allows submaximal thermogenesis to be sustained at low to moderate lipid oxidation 

rates. Given the increased capacity for lipid oxidation with cold hypoxia acclimation, wild 

highland deer mice are most likely sustaining rates of thermogenesis about 50% of cold-

induced V̇O2max. This sustained and elevated metabolism would undoubtably be 

matched by an increase in food consumption, but unfortunately the highland deer mouse 

diet has not yet been identified. Food availability appears to be scarce at high altitude, and 

yet highland deer mice are well-nourished and thrive in this environment. These mice 

must have ecological strategies and physiological adaptations that allow them to 

effectively sustain fat reserves for heat production. Matching highland deer mouse diet to 

digestive physiology is a fruitful area for future research. 

 

5.2 CIRCULATORY VS INTRACELLULAR TGS DURING THERMOGENESIS 

TGs are energy dense lipid substrates that can be stored intracellularly in tissues like 

adipose tissue, liver, and muscle, or transported in the circulation bound to lipoproteins 

(very low-density lipoproteins, low-density lipoproteins, high-density lipoproteins, and 
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chylomicrons). Intracellular TGs have been reported to be the main source of fat for 

powering BAT activity in lab rats (Ouellet et al., 2012; Blondin et al., 2015; Labbé et al., 

2015), while circulating TGs demonstrate the greatest source of TG replenishment in the 

BAT of lab rats and humans (Bartelt et al., 2011; Blondin et al., 2017). Highland deer 

mice had greater plasma concentrations of TGs compared to lowlanders acclimated to 

both warm normoxia or cold hypoxic conditions. Interestingly, only highlanders 

acclimated to cold hypoxia demonstrated a massive increase in plasma TGs during cold-

induced V̇O2max. These findings resulted in higher TG delivery rates during cold-

induced V̇O2max in hypoxia (Lyons and McClelland, 2022). Two potential explanations 

for these elevated TG levels include 1) highlanders having an increased reliance on 

intracellular BAT TGs (Blondin et al., 2015) and/or 2) highlanders having an increased 

reliance on circulatory uptake of NEFAs into BAT and skeletal muscle (Chapter 4). Both 

explanations could account for a decreased reliance of circulating TG during cold-

induced V̇O2max and would allow for a pre-emptive increase of circulatory TGs in 

preparation for replenishing BAT TG stores (Bartelt et al., 2011; Labbé et al., 2015; 

Blondin et al., 2017). A limitation for the studies performed in this thesis is that blood 

samples were taken at two specific time points (i.e., at rest or at V̇O2max) rather than 

multiple time points throughout the course of an experimental trial. As such, it remains 

unclear if the observed changes in plasma lipid content is associated with an increased 

rate of appearance or a decrease in lipid uptake.  

If the contribution of circulatory lipids to support maximal thermogenesis is 

equivalent in highlanders compared to lowlanders, then plasma lipid delivery rates should 
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scale with whole-animal lipid oxidation. However, circulatory delivery of NEFAs and 

TGs were 1.8-fold and 2.3-fold greater in highlanders, well above what would be 

expected from simple scaling with lipid oxidation. These differences become even more 

pronounced following cold hypoxia acclimation, with NEFA delivery and TG delivery 

being 2.8-fold and 5.6-fold greater in highlanders, respectively (Figure 5.S2). This 

observation suggests that maximally thermoregulating highland deer mice have an 

abundance of circulatory lipids to satisfy maximal heat production. Perhaps the excess of 

highland circulatory NEFAs and TGs observed during cold-induced V̇O2max indicate an 

increased NEFA-TG cycling as a supplementary form of NST (McClelland et al., 2001; 

Reidy and Weber, 2002); however, NEFA-TG cycling has been shown to decrease during 

increased cold exposure in rats (Vaillancourt et al., 2009).  

Manipulating components of the lipid metabolic pathway to induce changes in 

thermogenesis can be a powerful way to test the relationship between lipid oxidation and 

lipid partitioning for thermogenesis. One way to study the effects of intracellular TG 

lipolysis on thermogenesis is by using nicotinic acid (NiAc), which binds to Gi protein-

coupled receptors primarily expressed on adipocytes, and mediates an anti-lipolytic 

response (Tunaru et al., 2003). Previous studies in rats and humans have demonstrated 

that with oral administration of NiAc, BAT activity, intracellular lipolysis, and NEFA 

uptake all decrease (Labbé et al., 2015; Blondin et al., 2017). Using these methods, I 

completed some preliminary work to better understand TG’s role in whole-animal heat 

production and maintaining stable body temperatures in highland deer mice. I predicted 

that deer mice given NiAc would not be able to maintain their body temperatures during a 
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moderate cold exposure because intracellular BAT lipolysis would be hindered. In brief, 

post-absorptive (~3hours) highlanders acclimated to either thermoneutral or cold hypoxic 

conditions were exposed to 5oC for 30 minutes, followed by an oral dose of NiAc or 

saline and placed back in 5oC conditions for another 1.5 hours. 

During a moderate cold challenge, respirometry indicated no differences in whole-

animal lipid oxidation with NiAc administration, which was confirmed by no changes in 

plasma glycerol (an indicator for whole-animal lipolysis) (Figure 5.S3 and 5.S4A). Body 

temperature also remained stable throughout the entire trial, regardless of treatment or 

acclimation (Figure 5.S3). Plasma TG concentration at the end of the trial trended to be 

lower in CH highlanders, which may suggest increased TG use, though this finding was 

not statistically significant (P = 0.07). Additionally, NiAc administration had no effect on 

plasma TG concentration (P >0.05; Figure 5.S4B). These preliminary findings suggest 

that 1) NiAc dosing used in lab rats may be insufficient to significantly inhibit 

intracellular lipolysis in deer mice, 2) the metabolic demands may not have been 

sufficient to elicit any differences in the measured parameters, or 3) intracellular BAT TG 

lipolysis and oxidation may not contribute to thermogenesis in deer mice to the same 

extent observed in lab rats and human BAT. RERs remained the same throughout the 

entire trial for both treatment and acclimation groups (Figure 5.S3C and 5.3D) showing 

no indication of a shift in substrate oxidation. In cold-exposed humans, individuals dosed 

with NiAc showed decreased BAT intracellular TG oxidation; however, total whole-body 

lipid oxidation did not change compared to saline controls, similar to the findings in my 

preliminary study (Figure 5.S3E and 5.S3F). Interestingly, there was an increase in 
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muscle shivering in NiAc-dosed humans (Blondin et al., 2017). Perhaps circulating TGs 

and NEFAs provided was sufficient substrate supply for shivering muscle and 

maintaining body temperature, despite the inhibition of BAT intracellular lipolysis. More 

works needs to be done to fully understand the role of intracellular BAT TGs during 

thermogenesis and a more thorough understanding of NiAc dose-response relationships is 

required in deer mice to extrapolate these preliminary findings.   

Lipoprotein lipase (LPL) is an extracellular enzyme located on the endothelial 

surface of the vasculature and is responsible for breaking down TGs in the circulation for 

tissue uptake (Pirahanchi et al., 2021). This protein is highly expressed in BAT, liver, and 

muscle and has been reported to play an important role in the uptake of TG-liberated fatty 

acids during thermogenesis (Jensen et al., 2008; Bartelt et al., 2011). Lab mice with 

higher LPL protein abundance demonstrate increased thermal tolerance during cold 

challenge; however, it is unknown whether LPL abundance or activity is greater in 

highland deer mice compared to lowlanders. I hypothesize that higher LPL abundance 

and activity allows highlanders to use circulatory TG stores and minimize reliance on 

circulating NEFAs and/or intracellular stores of TGs for thermogenesis, compared to 

lowlanders. I measured LPL activity by injecting mice with heparin, which causes LPLs 

bound to the endothelial wall to be released into the circulation. Plasma samples were 

collected, and LPL activities were quantified using an enzyme-linked immunosorbent 

assay in highlanders and lowlanders acclimated to thermoneutral and cold hypoxic 

conditions. Surprisingly, there were no significant differences between populations or 

acclimations for LPL activity (Figure 5.S5). A limitation of this method is that LPL 
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acquired from the plasma cannot be specifically linked to any tissue, as it can originate 

from anywhere throughout the organism. Additionally, tissue blood flow during the 

heparin injection may effect the levels of LPL measured. Therefore, an assessment of 

both tissue specific LPL activity and protein abundance will provide a more thorough 

understanding for LPL’s role in TG metabolism in thermoregulating deer mice.  

To observe the impact of LPL function on whole-animal lipid oxidation during 

thermogenesis, I adapted methods from Bartelt et al., (2011), and injected an LPL 

inhibitor (tetrahydrolipstatin; THL) in highland deer mice immediately before a cold-

induced V̇O2max trial and then assessed thermogenic capacity. During maximal cold 

challenge, THL had no affect on maximal oxygen consumption, RER, whole-animal lipid 

oxidation, plasma glycerol or TG concentrations (Figure 5.S6). The lack of changes at the 

whole-animal level for LPL function might suggest that 1) THL concentrations may not 

have been sufficiently high enough to effectively inhibit LPL, or 2) highland deer mice 

are primarily using circulating NEFAs and/or intracellular stores of TGs during cold-

induced V̇O2max. If the latter is true, this would support the conclusions from the NiAc 

study. Perhaps the high TGs concentrations observed in highlanders are serving 

predominately as a recovery response after intense bouts of thermogenesis rather than a 

direct fuel source during thermogenesis. Future studies should focus on TG metabolism in 

the context of thermogenesis, to deepen our understanding of lipid metabolism in deer 

mice, and in mammals in general.  
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5.3 LIMITATIONS 

In this thesis, the projects use a wide array of experimental designs and techniques 

to study the challenging topic of lipid metabolism, from the whole-animal level to the 

tissue level. As with all experiments, some limitations and assumptions were made for 

select experiments performed in this thesis. In chapter 2 and 4, whole-animal lipid 

oxidation rates during thermogenesis were quantified; however, the contribution of 

protein oxidation was ignored, given the negligible contribution of protein oxidation at 

high metabolic rates (<5%). As such, whole-animal lipid oxidation rates may have been 

slightly overestimated. Cold-induced V̇O2max was used as a performance metric for 

thermogenic capacity and survival at high altitude, although, mice in the wild are rarely 

working at such a high metabolic rate. To compensate for this extreme view, 

measurements should also be taken at more ecologically relevant temperatures, as 

performed in chapter 2 at 0oC. Additionally, the blood measurements in all three data 

chapters were taken from mice either at rest or during cold-induced V̇O2max, providing 

an instantaneous measure of NEFA and TG concentrations. Taking blood measurements 

over the course of the experimental trial would provide a better understanding of blood 

metabolite kinetics; however, given the size and nature of the deer mice, this protocol was 

not possible. This limitation was also the reason tissue specific uptake rates of 14C-

bromopalmitic acid were not quantified, as multiple blood measurements over the course 

of the trial was required. Lastly, in chapter 3 and 4, while the enzyme assays performed in 

select tissues provided maximal rates of enzyme activities, it is important to remember 

that they are not reflecting enzymatic activity in vivo. 
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5.4 CONCLUDING REMARKS 

Highland native deer mice have evolved an enhanced energy supply to sustain heat 

production. These small endotherms have evolved amazing capacities for lipid oxidation 

to power heat production, which has undoubtably served to enhance their survival in what 

lowland natives consider to be an extremely challenging environment. Highlander lipid 

oxidation rates are likely greater than lowlanders because of their ability to overcome the 

limitations associated with hypoxia on NST-BAT activity, all the while increasing their 

lipid delivery to thermo-effector tissues through adaptations associated with O2 transport. 

Furthermore, thermogenic lipid oxidation rates are likely greater than rates observed 

during running exercise because of the greater recruitment of working muscle required for 

shivering and an increased uptake of circulatory fatty acids into BAT and muscle. While 

the role of circulatory TGs in highland thermoregulating deer mice is unclear, preliminary 

findings may suggest that high circulatory TGs in highlanders are being used to replenish 

intracellular TGs stores in thermo-active tissues, presumably BAT. Altogether, the 

findings of this thesis demonstrate the unique adaptations along the lipid metabolic 

pathway that highlanders have adapted to survive the cold and hypoxic conditions of high 

altitude. 

Future work should further elucidate how circulatory and intracellular TGs contribute 

to total heat production in deer mice. In addition, determining the diet and the dietary 

preferences of wild highland deer mice is imperative for understanding how high rates of 

metabolism can be sustained in montane environments. This work demonstrates the 

importance of studying animals from extreme environments as it allows us to deepen our 
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understanding about the evolution of metabolic pathways and how these pathways have 

been designed to function in extraordinary physiological conditions. 
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Figure 2.S1 
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Figure 2.S1. Ventilatory equivalent of first-generation laboratory born and raised 

highland and lowland native deer mice (Peromyscus maniculatus) acclimated to 

either control warm normoxic (WN) or cold hypoxic (CH) conditions, exposed to 

various temperatures from 30oC to maximal cold-induced V̇O2max. Values compare 

the ratio of total ventilation (VE) to either V̇O2 (solid circles with solid regression line) or 

V̇CO2 (open circles with dashed regression line) at a given V̇O2. A) WN Highlanders; B) 

CH Highlanders; C) WN Lowlanders; D) CH Lowlanders. Data for V̇O2 (ml hr-1) utilized 

temperatures from 30oC, 20oC, 15oC, 10oC, 5oC, 0oC and cold induced V̇O2max for WN 

animals, and 30oC, 0oC, and V̇O2max for CH animals. All measurements were performed 

in normoxia. All VE/V̇O2 and VE/V̇CO2 slopes are close to 0, and do not differ between 

populations or acclimations (p>0.05).  
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Figure 3.S1 
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Figure 3.S1. Exogenous fatty acid oxidation rates of soleus muscle. First-generation 

laboratory born and raised highland and lowland deer mice (Peromyscus maniculatus), 

acclimated to control warm normoxia (23oC, 21 kPa O2) or cold hypoxia (5oC, 12 kPa O2) 

conditions. The oxidation of palmitate was determined by placing freshly intact soleus 

muscle into incubation buffer containing 14C-palmitic acid. After one hour, incubation 

buffer 14CO2 was released, trapped, and counted using a scintillation counter. Sample 

sizes for warm normoxia and cold hypoxia were N=11 and N=9 for highlanders, and N=7 

and N=6 for lowlanders, respectively. Data are reported as mean ± s.e.m.  
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Figure 5.S1 
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Figure 5.S1. A comparison of the proportion use of metabolic fuels (as % total VO2) 

during running exercise (A) and thermogenesis (B). Fats (closed circles) are the main 

source of metabolic substrate for running exercise during low to moderate exercise 

intensities. As exercise intensities increases towards running VO2max, the proportion of 

fat oxidation decreases with a corresponding increase in the proportion of carbohydrates 

oxidized (CHO; open circles). Unlike exercise, however, as thermogenic demands 

increase towards cold-induced VO2max, the proportion of fat remains dominant at across 

all thermogenic intensities.  
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Figure 5.S2 
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Figure 5.S2. Ratios of highland-to-lowland deer mouse circulatory non-esterified 

fatty acid (NEFA) and triglyceride (TG) delivery rates during cold-induced 

VO2max. First-generation deer mice (Peromyscus maniculatus) were acclimated to either 

warm normoxia (WN; 21 kPa O2, 23oC) or cold hypoxia (CH; 12 kPa O2, 5
oC) conditions 

for ~6-8 weeks. Solid horizontal line indicates a highland-to-lowland whole-animal lipid 

oxidation rate ratio of 1.35. When compared to lowlanders, circulatory lipid transport for 

highland deer mice is much higher than what would be expected if circulatory lipid 

transport scaled with whole-animal lipid oxidation rate. Acclimation to CH further 

exacerbates these observations. 
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Figure 5.S3 
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Figure 5.S3. The effects of an inhibitor of intracellular lipolysis (nicotinic acid; 

NiAc) on highland deer mice (Peromyscus maniculatus) exposed to a moderate cold 

challenge (5oC) for 2 hours. Second-generation highland deer mice were acclimated to 

either thermoneutral (black; 21 kPa O2, 30oC) or cold hypoxia (red; 12 kPa O2, 5
oC) 

conditions for ~6-8 weeks. Mice were fasted for 2.5 hours before the start of the trial. 30 

minutes into the trial (vertical line), mice were either given an oral dose of NiAc (150µg 

g-1; open circles) or saline (5µL g-1; filled circles). Oxygen consumption (V̇O2) (in ml g-1 

hr-1) (A, B), with the corresponding Respiratory Exchange Ratios (RER= V̇CO2/V̇O2) (C, 

D), whole-animal lipid oxidation rates (in µmol g-1 hr-1) (E, F) and core body 

temperatures (G, H) were measured. No effects of population or acclimation were 

observed (P >0.05). N = 10 for each treatment group. Data are presented as means ± 

s.e.m. 
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Figure 5.S4 
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Figure 5.S4. The effects of an inhibitor of intracellular lipolysis (nicotinic acid; 

NiAc) on plasma glycerol (µmol L-1) (A) and plasma triglycerides (µmol L-1) (B) in 

highland deer mice (Peromyscus maniculatus) exposed to a moderate cold challenge 

(5oC) for 2 hours. Second-generation highland deer mice were acclimated to either 

thermoneutral (white bars; 21 kPa O2, 30oC) or cold hypoxia (red bars; 12 kPa O2, 5
oC) 

conditions for ~6-8 weeks. Mice were fasted for 2.5 hours before the start of the trial. 30 

minutes into the trial (vertical line), mice were either given an oral dose of NiAc (150µg 

g-1) or saline (5µL g-1). Blood was collected immediately after the trial and plasma was 

separated. There was a trend for an acclimation effect for plasma triglyceride 

concentration, but it did not reach significance (P = 0.07). N = 5 for each treatment group. 

Data are presented as means ± s.e.m. 
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Figure 5.S5 
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Figure 5.S5. Lipoprotein lipase (LPL) activity (pmol ml-1 min-1) in the plasma of 

highland and lowland deer mouse (Peromyscus maniculatus) acclimated to either 

thermoneutral (21 kPa O2, 30oC) or cold hypoxia (12 kPa O2, 5oC) conditions for ~6-

8 weeks. Deer mice were injected with 0.2 U g-1 heparin via tail vein to liberate tissue 

bound LPL into the plasma. After 10 minutes, blood was collected via facial vein and 

plasma was separated. An enzyme-linked immunosorbent assay was used to quantify LPL 

activity. No main effects of population or acclimation were observed (P >0.05). Sample 

sizes for thermoneutral and cold hypoxia were N = 4 and 6 for highlanders, and N = 5 and 

6 for lowlanders. Data are presented as means ± s.e.m. 
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Figure 5.S6 
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Figure 5.S6. The effects of a lipoprotein lipase inhibitor, tetrahydrolipstatin (THL), 

on second-generation highland deer mice (Peromyscus maniculatus) acclimated to 

either thermoneutral (black; 21 kPa O2, 30oC) or cold hypoxia (red; 12 kPa O2, 5oC) 

conditions for ~6-8 weeks. Deer mice were either injected with 100 µL of THL (2.5 mg 

mL-1) or 100 µL of vehicle (Sham- 10% DMSO in PBS) via tail vein immediately before 

a hypoxic cold-induced V̇O2max trial. Plasma samples were taken immediately after the 

end of the trial via facial vein. Each mouse received both treatments, with 10 days 

between each trial. (A) Oxygen consumption (V̇O2) (in ml g-1 hr-1), (B) Respiratory 

Exchange Ratios (RER= V̇CO2/V̇O2) and (C) whole-animal lipid oxidation rates (in µmol 

g-1 hr-1) all demonstrated a significant main effect of acclimation (P < 0.05); however, 

there were no significant main effects of treatment (P >0.05). Changes in plasma 

concentrations of glycerol (D) and triglycerides (E) were determined in each mouse. 

There were no significant differences observed. *Significant effect of population. N = 7 

for sham cold hypoxia mice and thermoneutral mice. N = 7 for THL cold hypoxia mice 

and 5 for THL thermoneutral mice. Data are presented as means ± s.e.m. 

 


