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Lay abstract

At high altitude, oxygen availability is low and can be challenging for active
animals. Preferential carbohydrate oxidation is a metabolic strategy used by high altitude-
native deer mice to fuel exercise because of its high energy yield per oxygen consumed.
Despite the increase in carbohydrate breakdown, the capacity for muscles to use
carbohydrates did not change, suggesting that the regulation of this metabolic pathway may
be changing instead. We measured the contributions of two proteins involved in
carbohydrate metabolism in active muscle, pyruvate dehydrogenase (PDH) and glucose
transporter 4 (GLUT4), at different muscle workloads and after acclimation to high altitude
conditions. We found no differences in GLUT4 content, but PDH activity was higher in
hypoxia-acclimated mice at similar intensities, indicating increased rates of carbohydrate
breakdown after acclimation. These data suggest that the regulation of the carbohydrate
metabolic pathway changes with acclimation to support higher rates of carbohydrate

oxidation during exercise.



Abstract

Hypoxia encountered at high altitude (HA) can limit energy production via aerobic
metabolism in animals. Carbohydrate oxidation (CHO) has a greater ATP yield/mole O>
than fat oxidation, and HA-native deer mice show an increased reliance on CHO during
submaximal exercise after hypoxia acclimation as an O»-saving strategy. However, hypoxia
acclimation does not increase glycolytic capacity in muscle. We therefore tested the
hypothesis that altered metabolic regulation of the CHO pathway allows HA mice to
achieve higher rates of CHO during submaximal exercise. The objective of our study was
to identify the effects of hypoxia acclimation on the regulation of two key proteins in the
CHO pathway and their activation with exercise. Using first generation (G1) laboratory
born and raised HA deer mice acclimated to normoxia or chronic hypoxia, we examined
the metabolic regulation of muscle glucose uptake by glucose transporter (GLUT) 4 and of
pyruvate oxidation by pyruvate dehydrogenase (PDH). The gastrocnemius was electrically
stimulated in situ under anaesthesia and acute normoxia at two submaximal workloads
relative to maximal force production, which was measured using a force transducer. In
frozen gastrocnemius following stimulation or rest, GLUT4 protein content was measured
via Western blotting of the sarcolemmal membrane fraction and PDH activity was
measured using a radiolabelled assay. We found no differences in sarcolemmal GLUT4
content with stimulation, but PDH activity was increased in hypoxia, indicating increased
rates of carbohydrate breakdown at similar workloads after acclimation. These data were
compared to data from wild HA deer mice sampled at their native altitude. In support of

our hypothesis, these data show that the metabolic regulation of the carbohydrate oxidative



pathway changes with acclimation to support higher CHO rates during submaximal
exercise. These data will help uncover the mechanistic underpinnings responsible for the

exercise fuel use strategies observed exclusively in HA-native mice.
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CHAPTER 1: General Introduction

Background

Skeletal muscle is an important tissue to animal physiology because it makes up a
large proportion of body mass and its function impacts various processes, including
locomotion and shivering thermogenesis. Contractile and metabolic characteristics of
muscle can vary greatly between animals of different species or even between populations
in different environments. Since muscle plays a large role in a variety of activities necessary
for survival in the wild, muscle phenotype is likely under intense natural selection. One
such phenotype is the ability to maintain energetic balance in conditions that limit energy
supply, such as in extreme environments. Despite intense stress, animals are found
flourishing in a wide range of challenging conditions in the wild. Animals native to these
extreme environments are likely to have evolved adaptations that allow them to sustain
elevated rates of energetic output, despite limitations in energetic supply. Currently, the
bioenergetics of animals native to extreme environments have not been extensively studied,
presenting a ripe area of research that will contribute to the evolution and understanding of

specialized metabolic phenotypes.

Coupling of Energetic Supply and Demand

A vital component to maintaining homeostasis in animals is the ability to match
energetic demands with energetic supply. When an animal is performing an energetically
demanding activity, rates of O, and substrate supply to mitochondria increase to match the
elevated energetic demands of active tissue (Hochachka, 1985; Hochachka and Matheson,
1992). If energy supply is unable to meet energetic demands, then energetic output will fall

1
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to rates that match energetic supply. A decrease in energetic output in active tissue
translates to reduced performance in a variety of activities, such as locomotion (Lau et al.,
2017) or thermoregulation (Meyer et al., 2010), which may result in death of the individual
animal. At times, energetic balance is difficult to maintain due to variations in either or
both energy demand and energy supply. For example, at high altitude, energetic demand
may be elevated via increased thermogenic demand and energetic supply may be
constrained by low O availability. Since many activities vital to survival require sustained
elevations in energetic provisioning, the ability to maintain energetic balance despite

limitations in energetic supply is likely under selection.

Regulation of Metabolism

Metabolic pathway flux rates are plastic and change to meet the needs of active
tissue in vivo (Weber, 2011; Weber and Haman, 2004). Changes in flux rate may be
initiated by a myriad of intracellular and extracellular mechanisms that drive changes in
pathway flux through mass action or by changes in individual protein activity. Differences
in protein activity that contribute to alterations in pathway flux rates may be explained by
amount of enzyme present (hierarchical regulation) or by the intracellular milieu that
determines enzyme activity (metabolic regulation) (Suarez and Moyes, 2012). Both modes
of regulation act on all enzymes, but the degree of control exerted by each varies between
enzymes, even within the same pathway (Suarez et al., 2005). Control over pathway flux
rate is distributed among all steps in that pathway, but some steps have a higher degree of
control than others (Kacser et al., 1995). Steps with a high degree of control over pathway

flux are important sites of flux regulation, therefore, becoming targets that modulate
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metabolic phenotype. The metabolic phenotype of tissues such as skeletal muscle is plastic
in response to chronic (e.g., environmental) or intermittent (e.g., exercise) energetic stress,

where metabolic pathway(s) are remodeled to better mitigate bouts of energetic stress.

Mammalian Fuel Selection Patterns

A classical characteristic of any exercise bout is an acute, yet large increase in
metabolic rate compared to rest. Most of this increase in energetic demand can be explained
by elevated rates of ATP hydrolysis by myosin- and Ca?*-ATPases in contracting muscle
(Hochachka and Matheson, 1992). In response, rates of energetic supply are also elevated
in exercising muscle by acutely increasing fuel oxidation rates. In the post-absorptive state,
the two predominant fuels oxidized by exercising muscle in mammals are carbohydrates
and lipids (Weber, 2011). Creatine phosphate (CrP) and proteins typically serve as minor
ATP sources during exercise in fasted individuals, as CrP is reserved for short term intense
exercise (Trump et al., 1996), while proteins are mainly oxidized in the fed state (Rennie
et al., 1981). The relative contribution of lipid versus carbohydrate oxidation is dependent
on exercise intensity, relative to maximal Oz uptake (VO2max). As workload intensities
increase toward 100% VO;max, the proportion of aerobic metabolism fueled by
carbohydrates increases, while the proportion fueled by lipids decreases (Schippers et al.,
2014; Weber, 2011). Preferential carbohydrate oxidation at these intense workloads occurs
due to higher rates of mobilization and oxidation relative to lipids, and the capacity for
anaerobic ATP production via glycolysis at workloads where O delivery becomes limiting

(Weber and Haman, 2004). This relationship between fuel use and %VO.max is strongly
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conserved across a wide range of mammalian taxa that differ in body size and exercise

capacity (McClelland et al., 2017; Schippers et al., 2014).

Fuel Metabolism at High Altitude

High altitude environments represent a uniquely challenging niche for animals due
to low ambient temperatures and barometric pressure. These two characteristics are
stressful to animals, because high thermogenic output is required to defend body
temperature against the ambient cold, but low barometric pressures decrease O availability
required for aerobic metabolism. Indeed, VO2max in hypoxia is ~67.5 to 75% of normoxic
values in lowland mice (Lui et al., 2015). By lowering VO2max, the scope for increasing
aerobic metabolic rates may be constrained, which is critical for many energetically
demanding activities required for survival, including thermoregulation and exercise.
Despite the challenges of life at high altitude, many species have been successful in
invading this ecological niche. Animals that are native to the high alpine have survived
many generations under strong selective pressure. As a result, highland animals are likely
to have developed multiple adaptations to survive at high altitude, such as the ability to
mitigate the suppressing effects of hypobaric hypoxia on aerobic metabolism (McClelland

and Scott, 2019).
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The North American deer mouse (Peromyscus maniculatus) is an excellent model
organism to study high altitude adaptation. Deer mice have established genetically distinct
populations across an altitudinal range of ~4300m, the widest of all North American
mammals (Natarajan et al., 2015). Past work has identified a myriad of adaptations in deer
mice from a highland population that mitigate chronic cold and hypoxic insult and promote
performance in hypoxic conditions (McClelland and Scott, 2019). One such adaptation in
highland deer mice is an elevated reliance on CHO during submaximal exercise in hypoxia
(Lau et al., 2017), likely due to a higher ATP yield per O for glucose than lipids (Brand,
2005; Welch et al., 2007). This adaptation has also been found in highland species of
Phyllotis mice in the Peruvian Andes, when compared to lowland congenerics (Schippers
etal., 2012), suggesting that elevated CHO reliance during submaximal exercise in hypoxia
is conserved among highland taxa. Interestingly, these differences in carbohydrate reliance
were observed when lowlanders and highlanders exercised at similar submaximal
workloads (75% VO2.max), which has been shown to be a reliable predictor of fuel
metabolism (Schippers et al., 2014; Weber and Haman, 2004). It is presently unclear how
these highland mice rely more on CHO at submaximal exercise intensities as an exception
to the mammalian fuel selection model and why this phenomenon has only been observed

in highland taxa.

As an organ with function significant to exercise metabolism, skeletal muscle
phenotype has been hypothesized to be a key explanatory factor for changes in whole-
animal performance (Weibel and Hoppeler, 2005). Changes in muscle phenotype may

manifest as changes in morphology and/or metabolic function. Despite an increase in
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carbohydrate reliance with hypoxia acclimation (Lau et al., 2017), highland deer mouse
gastrocnemius tissue displays a remarkable lack of plasticity in multiple traits that
contribute to aerobic metabolism: capillarity, fibre type (Lui et al., 2015) and mitochondrial
volume (Mahalingam et al., 2017) are all unaffected by hypoxia acclimation in the highland
mice gastrocnemius. Furthermore, flux capacities at multiple steps of glycolysis and
aerobic oxidation in muscle are unchanged with acclimation (Lau et al., 2017). These
findings do not appear to be limited to deer mice; similar glycolytic enzyme activities were
seen in highland and lowland species of Phyllotis mice despite large differences in exercise
CHO (Schippers et al., 2012). These findings suggest that changes in hierarchical regulation
with acclimation to chronic hypoxia are insufficient to explain differences in whole-animal
fuel use. An alternative mechanism that has not been explored is it is differences in
metabolic regulation that allow for elevated CHO pathway flux rates during submaximal

exercise.
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Glucose Metabolism in Exercising Muscle

Pyruvate Oxidation

A critical step to the aerobic CHO pathway is the oxidation of glycolysis-derived
pyruvate to acetyl-CoA, in a series of reactions catalyzed by the pyruvate dehydrogenase
complex (PDC; Equation 1). The acetyl-CoA produced by PDC may be used as a TCA
cycle substrate, thus the PDC reaction serves as the linking step between glycolysis and
aerobic CHO. Pyruvate oxidation is a particularly important step in aerobic CHO, as the
decarboxylation step makes the PDC reaction irreversible, thus committing substrate to the
aerobic pathway. Indeed, PDC activation has been shown to be a significant modulator of
aerobic CHO rates and influences insulin sensitivity, therefore influencing muscle glucose
uptake (Rahimi et al., 2014). As CHO rates increase with workload intensity, PDC
activation follows a similar correlation (Howlett et al., 1998), consistent with the

mammalian fuel selection model (Weber, 2011)

PDC
Pyruvate + CoASH + NAD* — Acetyl-CoA + NADH + H' + CO, (1)

PDC is a protein complex localized to the mitochondrial matrix and comprised of 3
subunits (E1-3) that each catalyze 1 of 3 reactions in pyruvate oxidation (reviewed by
Harris et al., 2002). Since the PDC reaction acts as a gatekeeping step in aerobic CHO,
PDC activity is tightly regulated to maintain appropriate flux rates. Pyruvate
dehydrogenase (E1; PDH) catalyzes the pyruvate decarboxylation step and its activity
strongly determines flux rates through the rest of the complex (Modak et al., 2002). PDH

is covalently regulated via reversible phosphorylation at three sites of its o subunit and this
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phosphorylation state directly determines PDH activity (Linn et al., 1969; Yeaman et al.,
1978). PDH phosphorylation is determined by the competing activities of PDH kinases
(PDK; inactivating) and phosphatases (PDP; activating). PDK expression has significant
effects on fuel selection patterns in contracting muscle (Dunford et al., 2011; Herbst et al.,
2012), and has been hypothesized to mediate fuel cross-talk (Sugden et al., 2001). In
addition, PDK expression is plastic in vivo and changes in response to nutritional and
hormonal signalling, thus acting as a modulator of fuel metabolism in active tissues

(reviewed by Harris et al., 2002).

PDH activation is determined by the relative activities of PDK and PDP, which are
extensively regulated to match PDH flux rates with metabolic demands of the tissue. The
primary regulatory mechanisms for PDK and PDP activity are allosteric: the binding of an
effector molecule to a site other than the active site of a protein to induce a conformational
change (Guarnera and Berezovsky, 2016). Both PDK and PDP are regulated allosterically
by markers of cellular energy balance, redox state and free ion concentrations. PDK is
stimulated by Equation 1 product abundance (low CoASH:acetyl-CoA, NAD*:NADH,
ADP:ATP ratios) and vice versa (Pettit et al., 1975). In contrast, PDP is stimulated by
Equation 1 substrate abundance and accumulation of Ca?* (Denton et al., 1972; Pettit et al.,
1975). Equation 1 substrate accumulation is mainly determined via flux rates through
glycolysis and Equation 1 product accumulation is determined by tricarboxylic acid (TCA)
cycle flux rates. In resting muscle, flux rates through glycolysis and TCA cycle are low,
resulting in Equation 1 substrate scarcity and product abundance, respectively. Therefore,

PDK activity is stimulated and PDP activity is inhibited to decrease PDH activity in resting
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conditions. Conversely, flux rates through glycolysis and TCA cycle are high in exercising
muscle, resulting in Equation 1 substrate abundance and product scarcity, respectively. In
addition, Ca?* levels are increased via crossbridge cycling in contracting muscle. Under
these conditions, PDK is inhibited and PDP is stimulated during exercise, resulting in PDH

activation by dephosphorylation (reviewed by Spriet and Heigenhauser, 2002).
Muscle Glucose Uptake

In mammals, glucose serves as the predominant carbohydrate oxidized to fuel
metabolic processes in muscle. Two glucose sources are available to active muscle:
extracellular glucose transported to muscle via circulation and intracellular glucose stored
as intramuscular glycogen. Circulating glucose makes a significant contribution of
substrate to the aerobic CHO pathway in exercising muscle at a wide range of submaximal
workloads. As workloads increase toward 100% VO>max, the proportion of CHO in active
muscle fuelled by circulating glucose decreases, while reliance on intramuscular glycogen

increases (Taylor et al., 1996).

Glucose enters muscle in a series of steps termed muscle glucose uptake (MGU)
and is finely regulated to maintain glucose homeostasis (Wasserman, 2008). First, plasma
glucose arrives at active muscle via the circulatory system, originating from the digestive
tract (fed state) or liver (post-absorptive). Next, glucose diffuses down a concentration
gradient into the muscle via facilitated diffusion through sarcolemma-embedded glucose
transporters (GLUTS). Finally, glucose is phosphorylated by hexokinase to form glucose-

6-phosphate, effectively trapping glucose within the muscle and maintaining an inward
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glucose concentration gradient (Wasserman et al., 2011). Glucose-6-phosphate may be

utilized to form glycogen (at rest) or oxidized via glycolysis to form ATP.

MGU rates are higher in exercising muscle compared to resting due to increased
flux rates at each step of MGU. During exercise, plasma glucose concentrations are
relatively unchanged from rest, but blood flow to active muscle increases, increasing
glucose delivery rates. Exercise induces acute translocation of GLUT4 from intramuscular
vesicles to the sarcolemma, increasing membrane permeability for glucose diffusion into
the muscle (James et al., 1988). Presently, the mechanism for exercise-induced GLUT4
translocation is incompletely understood, but is mediated by multiple intracellular signal
transduction pathways (Sylow et al., 2017). Elevated glycolytic rates in contracting muscle
reduce glucose-6-phosphate accumulation, thereby increasing hexokinase activity and
glucose phosphorylation rates. Previous transgenic studies have investigated the
contributions of individual steps in the MGU pathway and have identified membrane
glucose transport via GLUTA4 to be strongly rate-determining in resting muscle (Fueger et
al., 2004a; Fueger et al., 2004b). During exercise, however, MGU rates are mainly
determined by the capacity of the glucose phosphorylation step, as partial GLUT4 ablation
does not change MGU, but hexokinase overexpression increases MGU (Fueger et al.,
2004a). It is not surprising, then, that glucose phosphorylation capacity in muscle is a

determinant of endurance exercise performance (Fueger et al., 2005).

10
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Objectives and Hypotheses

The objective of this study is to identify the effects of chronic hypoxia on the
metabolic regulation of proteins in the aerobic CHO pathway in highland deer mice. The
aim of this study is to provide a mechanistic explanation for the increased carbohydrate use
during exercise at high altitude. I hypothesize that hypoxia acclimation alters the regulation
of key proteins in the aerobic CHO pathway, changing activation kinetics with exercise

intensity.

11
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CHAPTER 2: Changes in metabolic regulation of the carbohydrate oxidative
pathway in muscle of high altitude-native deer mice

Abstract

High altitude-native deer mice mitigate the suppressing effects of hypobaric
hypoxia by increasing reliance on carbohydrate oxidation (CHO) to fuel submaximal
exercise as an Oo-saving strategy. However, hypoxia acclimation does not increase
glycolytic capacity in muscle. We therefore test the hypothesis that altered metabolic
regulation of proteins in the CHO pathway allows highland mice to achieve higher CHO
rates during submaximal exercise. We examined the metabolic regulation of muscle
glucose uptake by glucose transporter (GLUT) 4 and pyruvate oxidation by pyruvate
dehydrogenase (PDH) in wild and first generation (G1) lab born and raised highland deer
mice. Wild mice were trapped and sampled immediately post-run (75%V02max) at high
altitude (4300m a.s.l.) and exercise was simulated in situ for the Gi mice following
acclimation to normoxia or chronic hypoxia. The gastrocnemius was electrically stimulated
under anaesthesia and acute normoxia at two workloads relative to maximal force
production. Both proteins were measured in vitro via quantifying sarcolemmal GLUT4 via
Western blot and PDH activity using a radiolabelled assay. Surprisingly, we found no
differences in sarcolemmal GLUT4 content, suggesting maximal translocation at the lower
submaximal intensity. PDH activity was increased in hypoxia, indicating increased rates of
carbohydrate breakdown after acclimation at similar workloads. In support of our
hypothesis, these data show that the metabolic regulation of the carbohydrate oxidative

pathway changes with acclimation to support higher rates of carbohydrate oxidation during

12
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submaximal exercise. These data are the first in providing a mechanistic explanation for

the whole-animal exercise fuel use strategies observed at high altitude.

Introduction

Hypobaric hypoxia is an unremitting stressor at high altitude that constrains aerobic
performance in animals by decreasing O availability. Despite low O availability, animals
are required to sustain high ATP turnover rates to fuel energetically demanding activities
necessary for survival, such as exercise. Active tissues meet the elevated energetic demands
of challenging activities by maintaining adequate rates of O and substrate delivery to the
mitochondria for ATP production via oxidative phosphorylation. Despite the challenges of
high altitude, many animal species flourish in the high alpine. These animals likely have
adaptations (such as elevated thermogenic capacity (Hayes and O’Connor, 1999)) that

facilitate high rates of energetic output at high altitude.

An increased reliance on carbohydrate oxidation (CHO) has been hypothesized as
a beneficial metabolic adaptation to high altitude due to a higher ATP yield per mole of O>
compared to lipids (Brand, 2005; Welch et al., 2007). Our previous study found that
highland deer mice (Peromyscus maniculatus) have a greater reliance on carbohydrates
than lowland conspecifics when fuelling submaximal exercise in hypoxic conditions (Lau
et al., 2017), similar to findings in highland Phyllotis mice from the Peruvian Andes
(Schippers et al., 2012). An increase in carbohydrate use may result from increased flux
rates through the CHO pathway by elevating maximum flux capacities of individual steps
in the pathway (changes in hierarchical regulation) and/or by altering the regulation of

individual proteins in the pathway (changes in metabolic regulation). Past work has found

13
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limited evidence for the former hypothesis as hypoxia acclimation increased capacity for
muscle glucose uptake (MGU), but not markers of glycolytic capacity in highland deer
mice (Lau et al., 2017). Alternatively, flux rates through the CHO pathway could be
elevated with hypoxia acclimation via changes in metabolic regulation to allow for elevated
protein activation during submaximal exercise, a mechanism that has not been fully

investigated in past studies.

During exercise, active muscle increases provisioning of glucose to the
mitochondria by increasing rates of uptake from the circulation. MGU is elevated in active
muscle via acute translocation of GLUT4 from cytosolic vesicles to the sarcolemma in
response to contractions (Goodyear et al., 1990; Goodyear et al., 1991). GLUT4 is a
facilitative transporter of glucose and increases in sarcolemmal GLUT4 density elevate
sarcolemmal permeability to glucose. After entering the muscle, glucose is progressively
oxidized in a series of ATP-yielding reactions via glycolysis in the cytosol and the TCA
cycle in the mitochondria. Circulating glucose serves as a major fuel source for active
muscle during submaximal exercise, but its relative contribution to total fuel metabolism
decreases at relatively intense workloads (Weber et al., 1996). While highland deer mice
increased reliance on CHO with hypoxia acclimation to fuel submaximal exercise,
intramuscular glycogen depletion was similar between normoxia and hypoxia (Lau et al.,

2017), indicating a shift in reliance toward circulating glucose at submaximal intensities.

14
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The pyruvate dehydrogenase complex is a 3-subunit (E1-3) complex localized to
the mitochondrial matrix that catalyzes the decarboxylation of pyruvate to form acetyl-
CoA, acting as the linking step between glycolysis and the TCA cycle. Pyruvate
dehydrogenase (PDH; E1) activity is determined by reversible phosphorylation at three
sites of the a subunit (Linn et al., 1969; Yeaman et al., 1978) and is strongly rate-
determining for flux rates through the entire complex (Modak et al., 2002). The
phosphorylation state of PDH is determined by the competing activities of PDH kinase
(PDK) and phosphatase (PDP), which are regulated allosterically by cellular redox and
energy balance (Pettit et al., 1975). Since the PDH reaction is irreversible and determines
the entry of glucose-derived carbon into the TCA cycle, PDH activity is tightly controlled
and is a major site of metabolic regulation in CHO. Indeed, past transgenic studies that
knock out PDK expression have found significant perturbations in glucose metabolism in
exercising and recovering skeletal muscle (Herbst et al., 2014; Jeoung and Harris, 2008;
Rahimi et al., 2014). Therefore, alterations in the regulation of PDH activity with hypoxia
acclimation may contribute to the elevated CHO reliance during submaximal exercise in

hypoxia (Lau et al., 2017).

The aim of this study is to provide a mechanistic explanation for increased reliance
on CHO observed during whole-animal submaximal exercise and to investigate the
underlying causes of the plasticity seen with acclimation to chronic hypoxia. We
hypothesize that metabolic regulation of proteins in the carbohydrate oxidative pathway
change with hypoxia acclimation to increase flux rates during submaximal exercise in

highland deer mice. If metabolic regulation changes with acclimation, then we predict that
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exercise-induced activation of key proteins in the pathway will also change. Specifically,
we predict that PDH activity and sarcolemmal GLUT4 density will be higher at similar
submaximal workloads following acclimation to chronic hypoxia. By increasing PDH
activity and sarcolemmal GLUT4 content at submaximal workloads, flux rates through the
aerobic carbohydrate pathway will be elevated, mirroring the increased carbohydrate
oxidation seen at the whole-animal level during submaximal exercise in hypoxia (Lau et

al., 2017).
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Methods

Experimental Animals

All animal procedures used in this study were approved by the McMaster University
Animal Research Ethics Board following guidelines from the Canadian Council on Animal
Care. Wild deer mice (Peromyscus maniculatus) were trapped at high altitude (HA, 4350
m a.s.l., Mt. Evans, CO) and gastrocnemius muscles sampled at rest or after 20 min of
treadmill exercise at approximately 75% VO2max (Lau et al., 2017). A separate group of
wild HA deer mice were trapped and then transferred to McMaster University. These mice
were bred to the first laboratory-born generation (Gi) and used for in situ muscle
stimulation experiments (see below). Mice were housed in common garden conditions
(23°C, 12:12 day:night) and fed standard mouse chow (Teklad Global Rodent Diets;
Envigo, Mississauga, ON) and water ad libitum. Adult G1 mice were split into 2 acclimation
groups: normoxia-acclimated mice remained in common garden conditions, while hypoxia-
acclimated mice were placed in hypobaric chambers for 6 weeks (McClelland et al., 1998).
These chambers were set to barometric pressures of ~60kPa using a vacuum pump,
conditions similar to those found at the summit of Mt. Evans. Mice were removed from
hypobaric chambers (~30 min) once per week during the acclimation period for cage

cleaning.

In situ Gastrocnemius Stimulation
Mice were fasted for 2-4 hours prior to experimentation to ensure post-
absorptiveness: the state where the gastrointestinal tract is clear and nutrient absorption has

ceased. By ensuring similar nutritional status between mice, the confounding effects of
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nutrient availability on metabolism were controlled. Procedures for dissection and setup of
in situ stimulation equipment were similar to previous protocols (Maclntosh et al., 2011;
Wilson et al., 1967), with modifications. Using an isoflurane vaporizer, general anaesthesia
was induced with 100% O at flow rates of 1L/min supplemented with 3% isofluorane.
Anaesthesia was confirmed by inability of the animal to right itself and the loss of the toe
pinch withdrawal reflex. Isofluorane was then decreased to 2%. The musculature of the
upper and lower right hindlimb was exposed and incisions were made in the hindlimb
musculature to expose the sciatic nerve, which was then severed rostrally to prevent input
from the central nervous system. An incision was made between the Achilles tendon and
tibia, followed by the tying of 6-0 suture around the Achilles tendon. The Achilles tendon
was then severed below the suture and the gastrocnemius was gently pulled away from the
hindlimb and the soleus muscle was then removed. The mouse was transferred to a pad
warmed to 37°C as part of an in situ mouse apparatus (Aurora 809C; Aurora, ON) and
isofluorane vaporization was further reduced to 1-1.5%. The suture tied to the
gastrocnemius was secured to the lever arm of a force transducer (Aurora 305C). The right
leg was immobilized by taping down the foot and clamping down the knee. Two electrodes
attached to a bi-phase stimulator (Aurora 701C) were positioned on opposite sides of the
exposed sciatic nerve stump innervating the gastrocnemius. These electrodes delivered bi-
phase electrical pulses (see below) set to a constant current of ~560mA using voltages
between 0 and +80V to the sciatic nerve, inducing isometric contractions in the

gastrocnemius, which were recorded by the force transducer.
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Optimal Length

The gastrocnemius was first stretched to optimal length (L,), the length at which an
electrical stimulus elicited the highest force production during a single twitch (Maclintosh
et al., 2011), to control for differences in contractile properties with muscle length (Rassier
and Maclntosh, 2002). Force production of individual twitches was measured following
application of an electrical stimulus (1ms pulse), which were separated by at least 30
seconds to minimize muscle fatigue. Gastrocnemius length was adjusted by sliding the
force transducer or by changing the angle of the lever arm for coarse and fine adjustment,
respectively. Moving the force transducer or lever arm away from the mouse stretched the
muscle and vice versa. Lo was confirmed as the muscle length that generated the greatest
difference between resting tension and peak tension during a twitch. Lo was then carefully

determined using a pair of calipers (Table A.1).

Muscle Stimulation

Maximal force production (Fmax) Was measured using a series of electric stimuli
(0.2ms pulse width, 0.3s duration) applied to the sciatic nerve with increasing frequency of
stimulation separated by 2 minutes of rest to limit fatigue. Preliminary experiments
measured force production from stimuli of 0 to 200Hz and identified 200Hz as a reliable
frequency to elicit Fmax (Fig. A.1), which was identified as the maximal difference between
resting and peak tension in a contraction showing fused tetanus. The Fmax measurement was
performed at least 6 times per mouse to account for contractions that did not show tetanus.

Force production from these contractions were averaged to determine Fmax. Following Fmax
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measurement, the gastrocnemius was stimulated at a light or heavy workload,
corresponding to 25 and 50% of Fmax, respectively. The gastrocnemius was stimulated (0.2s
delay, 0.2ms pulse width, 0.2s duration) 3-5 times at multiple frequencies between 30-
80Hz. The frequency that elicited force production closest to 25% or 50% of Fmax Was then
applied as a train at a frequency of 0.2 trains per second over 3 min, similar to methods
used by previous studies that induced PDH activation in an in vitro model (Herbst et al.,
2012). Immediately following the final contraction, the mouse was quickly removed from
the set up, euthanized via cervical dislocation and the stimulated gastrocnemius was quickly
removed and freeze-clamped using aluminum tongs cooled in liquid N2, with the

contralateral gastrocnemius frozen as a resting control (Wilson et al., 1967).

PDH Assay

PDH activity (PDHa) and total PDH activity (PDHt) were measured in crude
muscle homogenates as previously described (Constantin-Teodosiu et al., 1991) with
modifications (Putman et al., 1993). Frozen gastrocnemius samples (5-10mg wet weight)
were first diluted 30x in homogenization buffer on ice for PDHa (in mM): sucrose 200,
KCI50, MgCIl> 5, EGTA5, Tris HCI 50, NaF 50, DTT 1, DCA 1; 0.1% (v/v) Triton X-100;
pH 7.8) and for PDHt (in mM): sucrose 200, KCI 50, MgCl> 5, EGTA 5, Tris HCI 50,
glucose 10, CaCl2 10, DTT 1, DCA 10, Hexokinase 2 U/mL, Triton X-100 0.1% (v/v); pH
7.8). Samples were then homogenized using manual glass-on-glass homogenizer followed
by mechanical (400rpm) Teflon-on-glass homogenization on ice for 30s each. To limit
vesicle formation that masks PDH activity, homogenates were quickly snap-frozen in liquid

nitrogen and stored at -80°C until further analysis.
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PDH Reaction

Homogenates were thawed and vortexed immediately before use and were used in
less than 2 days from initial freezing. Aliquots of 30uL of homogenate were added to
720uL of PDH reaction mixture containing (in mM) PDH assay buffer: 108.3 Tris, 0.54
EDTA, 1.08 MgClz, pH 7.8, with 3 NAD, 1 CoASH, and 1 TPP. Each sample was measured
in duplicate with a blank at 37°C using a dry block heater (Fisher Scientific; Ottawa, ON).
The PDH reaction was initiated with the addition 30 pl of 26mM pyruvate in duplicate and
dH.0 for the blank. Reaction mixtures were mixed at the beginning of the reaction via
gentle vortexing and throughout the reaction via pipetting to minimize time spent out of the
dry block heater. At precisely 1-, 2- and 3-minute time points after adding pyruvate or
dH.0O, 200pL of the PDH mixture was removed and added to 40pL of 0.5N HCIOa4.
Following the completion of all reactions, the acidified mixtures were placed on ice for at
least 5 min to ensure reactions were halted and then samples were neutralized (pH ~6.5)
with the addition of 12-14pL of fresh 1M K>COs. These samples were left to sit for at least

5 min at room temperature before being stored at -80°C until further analysis.

Acetyl-CoA Determination

PDH activity was determined by measuring acetyl-CoA formation over time using
radiolabelled oxaloacetate as substrate, as described previously (Cederblad et al., 1990;
Cooper et al., 1986) with modifications (Constantin-Teodosiu et al., 1991). 4C-
oxaloacetate was prepared via transamination of !4C-aspartic acid (Equation 2), as

previously described (Siess et al., 1976) with modifications (Cooper et al., 1986). 4C-
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oxaloacetate formation was performed concurrently with the acetyl-CoA assay to limit
spontaneous decomposition to pyruvate. In an Eppendorf tube, 9uL of *C-aspartic acid
(Perkin Elmer L-*C(U)-Aspartic acid; 0.1uCi/pL), 5uL of 80mM a-ketoglutarate
(prepared fresh), 50uL of 7mM EDTA, 20uL of 500mM HEPES (pH 7.4), 86puL of dH20
and 10uL of 100U/mL glutamate oxaloacetic transferase (GOT; aka aspartate
aminotransferase) were combined and incubated at room temperature for 10 minutes. The
transamination reaction was stopped with the addition of 10uL of 1M HCIO4 and left on
ice for 10 minutes. The solution was then neutralized with 360uL of 11mM EDTA (pH
7.4) and 40uL of 600mM KOH, then left on ice for at least 5 minutes prior to use. *C-

oxaloacetate was used in less than 1 hour after formation.

Reaction products collected from the PDH reaction (see above) were thawed and
spun at 10,000g for 3 min to pellet the insoluble fraction, consisting of cellular debris and
KCIOas. Then 5-40uL of the supernatant was diluted with dH20 to 200uL. Samples were
assayed within 1 week of initial freezing and within 2 freeze-thaw cycles. Next, 2uL of
100mM DTT and 20pL of CuSO4-K*-acetate (3/2/2 viviv 1mM CuSQOs4, 400mM K*-
acetate, dH>O) were added to each sample and vortexed. Samples were then incubated at
room temperature for 30 min, to remove endogenous oxaloacetate and citrate, thereby
limiting endogenous acetyl-CoA formation (Cooper et al., 1986). Roughly halfway through
this incubation step, formation of the labelled *C-oxaloacetate was initiated (see above).
After the 30min room temperature incubation, samples were placed on ice for 10 min. Then,
20uL of 60mM EDTA were added and after 5 min at room temperature, 30pL of 30mM

NEM was added, followed by incubation at room temperature for 5 min to remove excess
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COoASH. To convert acetyl-CoA to C-citrate, 10uL of 220 U/mL citrate synthase and
20pL of '“C-oxaloacetate were added to each sample, vortexed and incubated at room
temperature for 20min (Reaction 1). To convert excess unmetabolized “C-oxaloacetate to
14C-aspartate, 10pL of 100 U/mL GOT and 20pL of 275mM glutamate were added to each
sample, mixed and incubated at room temperature for 20min (Equation 2). The excess *C-
aspartate containing negatively charged amine groups was then removed with the addition
of 1mL of 37.5% (w/v) Dowex cation exchange resin slurry (50W-X8 H* form, 100-200
mesh) and mixed manually via inversion for 2 min. Samples were spun at 1200 g for 5 min
at room temperature to sediment the resin. 500uL of supernatant was removed from each
sample and added to 5mL of scintillation cocktail (EcoScint A; National Diagnostics,
Atlanta, GA) in 20mL scintillation vials (Wheaton; Millville, NJ). The **C-citrate was
quantified using liquid scintillation counting (Perkin-Elmer; Waltham, MA) and acetyl-
CoA concentrations were calculated using a standard curve for each '*C-oxaloacetate

preparation (Fig. 1).

cs
Acetyl-CoA + C.Oxaloacetate - **C_Citrate + CoASH (1)

14 GOT 14
C-Aspartate + a-ketoglutarate < ~“C-Oxaloacetate + Glutamate (2)

Calculation of PDH Activity Values

PDH activity was calculated as the formation of acetyl-CoA over time, standardized
to muscle wet weight. The counts per minute (CPM) values obtained from liquid

scintillation counting were converted to acetyl-CoA concentrations using a standard curve
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(Fig. A.2). Rates of acetyl-CoA formation over time were determined by averaging the
slopes of the linear regressions for the technical replicates and subtracting the slope of the
blank lacking substrate. This activity value was then multiplied by a dilution factor to

standardize for tissue wet weight (Table A.2).

Subcellular Fractionation

Samples were prepared as described previously (Dubouchaud et al., 2000;
McClelland and Brooks, 2002; Templeman et al., 2012) with modifications. 50-75mg of
frozen gastrocnemius tissue was diluted 5x (w/v) in Buffer A (in mM: 210 sucrose, 2
EGTA, 40 NaCl, 30 HEPES, pH 7.4, 0.75% protease inhibitor cocktail) and homogenized
on ice at 400 rpm for 30 seconds using a Teflon pestle in a glass mortar. This crude
homogenate was then centrifuged at 600g for 10 min at 4°C. The pellet was discarded, and
the supernatant was further centrifuged at 10,000g for 20 min at 4°C for isolation of the
sarcolemmal fraction (SL). The resulting supernatant was diluted with 0.75 x volume of
Buffer B (1.167M KCI, 58.3mM Na4PPi, pH 7.4) and spun at 232,000g for 2 hours at 4°C.
The supernatant was discarded, and the pellet was washed with Buffer C (10mM Tris, 1ImM
EDTA, pH 7.4) to limit cross-fraction contamination, and then re-suspended in 24pL of
Buffer C with 8uL of 16% SDS. This suspension was spun at 10,0009 for 25 min at 25°C.
The resulting supernatant was collected as the SL fraction. Protein concentration was
determined with bicinchoninic acid assay (Smith et al., 1985) using bovine serum albumin

as a standard. Samples were stored at -80°C until further analysis.
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Western Blotting

Sarcolemmal GLUT4 was measured via SDS-PAGE and immunoblotting of the SL
fractions (Towbin et al., 1979). Membrane fraction samples were diluted with H>O and
Laemmli buffer to 0.5ug/uL and denatured at 95°C for 5 minutes. 20 pL of sample were
then loaded to each well in a hand-casted gel consisting of 4% polyacrylamide stacking gel
above a 12% resolving gel (Bio-Rad, Mississauga, ON). The gel was then bathed in
Tris/glycine running buffer (25mM Tris, 192mM glycine, 0.1% SDS) that contributed to
denaturation of the sample proteins and allowing current to move through the gel. Proteins
were separated using a voltage of 100V for 15 min, followed by 150V for 60 min. Once
voltage was removed, gels were cut at the dye front and edge of the resolving gel, then
removed and placed in transfer buffer (running buffer + 10% methanol) to equilibrate for
30 min to 1 hour. A piece of polyvinylidene fluoride (PVDF) membrane was cut to fit the
gel and soaked in 100% methanol for 2 min. A sandwich consisting of membrane pads and
filter paper soaked in transfer buffer, gel and PVDF membrane was assembled and
clamped. The sandwich was bathed in chilled (4°C) transfer buffer and a voltage of 100V
was applied for 90 min, using a Bio-Rad Mini-Protean System. Temperature and ion
concentrations were maintained using pre-chilled freezer pack, ambient cold (4°C) and
constant stirring. Following voltage removal, blots were left in blocking buffer (5% (w/v)
fat-free milk (Carnation; Markham, ON) in 0.1% TWEEN phosphate-buffered saline (PBS-
T)) overnight at 4°C. Complete protein transfer from the gel was verified by the absence of
bands on gels following 1 hour of staining with Coomassie Brilliant Blue and 1 hour of

destaining in H20.
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Blots were incubated in primary GLUT4 antibody (Abcam 33870; poly-clonal,
rabbit), diluted 1:1000 (1pg/mL) in 1% (w/v) BSA PBS-T for 1 hour at room temperature.
Blots were then rinsed with PBS-T in the following order: 3 quick rinses, one 15 min rinse
and 3 consecutive 5 min rinses. Blots were then incubated with anti-rabbit secondary
antibody diluted to 1:10000 in 1% BSA PBS-T for 1 hour at room temperature. Blots were
then rinsed with PBS-T as described above. Following the PBS-T rinses, blots were
incubated with ImL of H>O2 Bio-Rad Clarity substrate for 2 min. Blots were imaged using
chemiluminescence on a Bio-Rad ChemiDoc; images were chosen based on exposure time
that produced the darkest bands without reaching saturation. Total protein loaded was then
measured using Coomassie staining. First, blots were rinsed with dH20, then stained with
Coomassie dye for 5 min. After, blots were de-stained with 3 washes for 3 min of 50%
methanol + 1% acetic acid, followed by 3 min of 10% methanol. Blots were dried and bands
were imaged using a ChemiDoc to quantify total protein. GLUT4 band intensity was
standardized to total protein intensity and then standardized to the signal of a common

sample loaded between gels as an inter-gel control.

Metabolite Assays

Frozen gastrocnemius was homogenized in 6% HCIO4 on ice, then spun at 10,0009
for 10 minutes at 4°C. The supernatant was taken and then neutralized with 3M K>CO:s.
The homogenate was spun again (as above) and the supernatant was taken. The following
metabolites were assayed in duplicate with a spectrophotometer by placing sample in buffer
and measuring absorbance (340nm) before and after addition of a coupling enzyme. ATP:

sample added to buffer (in mM: 5 glucose, 2 NADP, 5 MgCl,, 1 U/mL G6PDH, 20 Tris
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(pH 8)) and absorbance was measured before and after a 20 minute incubation at 37°C with
the addition of hexokinase (HK; 1.5U/well). CrP: measured in the same wells used for ATP
assays. First, 2uL of ImM ADP were added per well, then absorbance was measured before
and after a 25 minute incubation at 37°C with addition of 12.5 U of creatine phosphokinase.
ADP: sample added to buffer (in mM: 5 PEP, 0.15 NADH, 5 MgClz, 500 TEA (pH 7.4),
2.75 U/mL LDH). Absorbance was measured before and after a 25 minute incubation at
37°C with addition of pyruvate kinase (PK; 1U/well). Cr: measured in the same wells used
for ADP assays. ATP was added to each well (5mM) and absorbance was measured before
and after 37°C incubation for 25 minutes with addition of creatine phosphokinase (12.5U).
Pyruvate: sample added to buffer (in mM: 0.15 NADH, 500 TEA, 5 EDTA). Absorbance
was measured before and after a 30 minute incubation at 37°C with addition of lactate
dehydrogenase (LDH; 1U/well). Lactate: sample added to buffer (glycine, 2.56mM NAD)
and absorbance was measured before and after incubation with LDH for 30 minutes at

37°C.

Enzyme Assays

The apparent Vmax of multiple enzymes was assayed in vitro by measuring changes
in absorbance proportional to enzyme activity. 5-10mg of frozen gastrocnemius was
homogenized on ice in buffer (in mM: 100 KH2PO4, 5 EDTA, 0.1% v/v Triton-X 100)
using a glass mortar and pestle and diluted to 20x. Measurements were performed in
triplicate with one blank lacking substrate to measure background activity. Assay

conditions were as follows (in mM): LDH 0.28 NADH, 40 Tris (pH 7.4), + 1 pyruvate; CS
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40 Tris (pH 8.0), 0.1 DTNB, 0.22 acetyl-CoA, * 0.5 oxaloacetate; PK 50 imidazole, 5 ADP,
100 KCI, 10 MgCly, 0.15 NADH, 10 fructose-1,-6-P, 9.25U/well LDH, + 5 PEP; HOAD
100 TEA-HCI (pH 7.0), 0.15 NADH, * 0.1 acetoacetyl-CoA; MDH 100 KH2PO4 (pH 7.4),
0.15 NADH, £ 0.5 oxaloacetate. Assays were performed at 37°C in 96-well plates.
Absorbance was measured with a spectrophotometer for 5 minutes at 340nm for all assays

except CS, which was assayed at 412nm.

Statistical Analyses

Data was analyzed with SigmaStat 3.5 (Systat Software Inc.; San Jose, CA) for
significant differences (p<0.05) using either a 1-way or 2-way analysis of variance
(ANOVA), with Holm-Sidak post hoc testing to determine individual differences. Resting

metabolite data were analyzed using Student’s T-test.
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Results

Total PDH Activity

Total muscle PDH activity (PDHt) was significantly different between groups
(F=8.911, p<0.001). PDHt was not different between acclimations in the G; mice but was
significantly higher in the wild mice than normoxia (p=0.003) and hypoxia (p=0.0003)

acclimated Gi mice (Fig. 2.1).

Resting PDHa Activity

PDHa activity was significantly different between groups (F=10.872, p = 0.001).
Resting PDHa was not different between acclimations in the G1 mice but was higher in

wild mice than normoxia (p=0.0003) and hypoxia (0.0022) acclimated G1 mice (Fig. 2.2).

Exercised PDH Activity

PDHa activity in the stimulated gastrocnemius was different between groups, as
there was a significant interaction effect between workload and acclimation (F = 7.707, p
= 0.014; Fig. 2.3). PDHa activity was significantly higher in hypoxia-acclimated G1 mice
than in normoxia-acclimated G1 mice, but only at the light workload (p = 0.025). While the
normoxic mice significantly increased PDHa activity from light to heavy workload (p =
0.037), there was no significant workload effect in the hypoxia-acclimated mice (Fig. 2.3).
As a result, PDH activity converged at the heavy workload resulting in no differences in
activity between the acclimation groups (Fig. 2.3). We also measured PDHa in the
gastrocnemius of wild HA mice at rest or immediately post submaximal running (Fig. 2.4).

No differences were found between resting and post-running PDHa (tio = 1.217, p = 0.252).
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Sarcolemmal GLUT4 Protein

To determine if hypoxia acclimation led to changes in membrane permeability to
glucose, we assessed GLUT 4 in sarcolemmal cell fractions after stimulation. We found no
significant effects of acclimation or workload on sarcolemmal GLUT4 protein content (Fig.
2.5). Similarly, sarcolemmal GLUT4 protein content was not different between

acclimations in the resting gastrocnemius (Fig. 2.6).

Gastrocnemius Metabolites

To further understand the cellular conditions during muscle contraction we assessed
levels of some key metabolites (Table 2.1). There were no significant differences between
any groups for concentrations ATP, Cr, pyruvate or any of the metabolite ratios. However,
significant interaction effects between acclimation and workload were found for ADP
(p=0.038), CrP (p=0.009) and lactate (p=0.023). Hypoxic mice had higher ADP (p=0.04)
and lower lactate (p=0.02) concentrations than normoxic mice, respectively. CrP was the
only metabolite with a significant effect of workload within an acclimation; in normoxia
acclimated mice, CrP was higher (p=0.013) with heavy workload. Within the light
workload, CrP was higher in hypoxia-acclimated mice compared to normoxic mice
(p=0.006). In the light workload, lactate was lower (p=0.064) and ADP was higher

(p=0.060) in hypoxia-acclimated compared to normoxic acclimated G1 HA deer mice.

The same metabolites were also measured in resting gastrocnemius of the G1 mice
(Table 2.2). There were no significant differences between acclimations for ADP, lactate,
pyruvate or any of the metabolite ratios. ATP (ti2 = -2.862, p =0.014), CrP (t12 =-3.779, p
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=0.003) and Cr (t11 =-2.890, p = 0.015) were significantly higher in the hypoxia-acclimated
mice. While not a significant difference, pyruvate concentration in normoxia-acclimated

mice was trending toward higher than hypoxia-acclimated mice (t13 = 2.000, p = 0.067).

Enzyme Assays

We measured the maximal activity (Vmax) of 5 enzymes involved in various
pathways of fuel metabolism in the gastrocnemius to investigate differences in capacities
for pathway flux between acclimation groups and wild highland deer mice (Table 2.3). The
absolute activity of most enzymes (HOAD, PK, CS, LDH) was not different between the
groups, apart from MDH (F=4.738, p = 0.020), which was higher in the wild mice than the
hypoxia acclimated G1 mice (p=0.006). Similar trends were found for the enzyme activity
ratios: no differences were found in most ratios measured (LDH/CS, LDH/HOAD,
PK/LDH, MDH/LDH), but HOAD/CS was different between groups (F = 3.610, p =
0.045). No significant differences between individual groups were identified, but wild mice
trended toward higher HOAD/CS compared to G1 mice acclimated to normoxia (p = 0.031,

a = 0.975) and hypoxia (p = 0.029, o. = 0.983).
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Figure 2.1. Total pyruvate dehydrogenase (PDHt) activity in gastrocnemius of wild
deer mice sampled at HA and Gi deer mice acclimated to normoxia or chronic
hypobaric hypoxia. PDH activity standardized to tissue wet weight. PDH activity
measured in single leg or averaged across both legs of an individual mouse. Data presented
as mean £ SEM. N =9-12. Bars that do not share a letter are significantly different (p<0.05),

using 1-way ANOVA and Holm-Sidak post hoc testing.
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Figure 2.2: Pyruvate dehydrogenase (PDHa) activity in resting gastrocnemius muscle
of wild highland deer mice sampled at high altitude and Gi mice acclimated to
normoxia or chronic hypobaric hypoxia, sampled under acute normoxia. PDH activity
standardized to tissue wet weight. Data presented as mean + SEM. N = 4-9. Bars that do
not share letters signify significant differences (p<0.05) using 1-way ANOVA and Holm-

Sidak post hoc testing.
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Figure 2.3. Pyruvate dehydrogenase (PDHa) activity in Gi highland deer mouse
gastrocnemius in situ preparation with stimulation. Empty bars represent normoxia-
acclimated deer mice; filled bars represent hypoxia-acclimated deer mice. Light workload
are muscles stimulated at 25% maximum force (Fmax); Heavy workload represents muscles
stimulated at 50% Fmax. PDHa activity was standardized to muscle wet weight. Data
presented as mean = SEM. N = 3. frepresents significant (p<0.05) acclimation effect within
a workload; *represents significant (p<0.05) exercise effect within an acclimation (2-way

ANOVA; Holm-Sidak post-hoc test).
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Figure 2.4. Pyruvate dehydrogenase (PDHa) activity in wild deer mouse
gastrocnemius sampled at rest or post-submaximal running at 75% VO2max sampled
at high altitude. PDHa activity was standardized to muscle wet weight. Data presented as

mean + SEM. N = 4-8.
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Figure 2.5. Glucose transporter (GLUT)4 protein content from gastrocnemius
sarcolemmal fractions of stimulated in situ preparations from Gz highland deer mice.
GLUT4 band volume standardized to total lane protein and to an inter-gel standard sample.
Light workload mice stimulated at 25% Fmax; Heavy workload mice stimulated at 50% Fmax.
Empty bars represent normoxia-acclimated mice, filled bars represent hypoxia-acclimated

mice. Representative blots presented above data. Data presented as mean + SEM. N = 3-6.
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Figure 2.6. Glucose transporter (GLUT)4 protein content from sarcolemmal fractions
of resting gastrocnemius from Gi highland deer mice. GLUT4 band volume
standardized to total lane protein and to an inter-gel standard sample. Representative blots

presented above data. Data presented as mean + SEM. N = 2-6.
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Table 2.1. Metabolites in stimulated gastrocnemius of G1 deer mice. Data presented as
mean + SEM. All values are umol/g wet weight. Cr: free creatine; CrP: creatine phosphate.
Significant (p<0.05) differences signified by # main interaction effect; * main acclimation
effect; T workload effect within acclimation; $ acclimation effect within workload. ($)
signifies acclimation effect approaching significance (p<0.07). 2-way ANOVA with Holm-

Sidak post hoc analysis. N = 3-5.
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Normoxia Hypoxia
Light Heavy Light Heavy
ATP 3.56+0.72 4.39+0.84 5.52+0.65 494 +0.72
ADP # * 1.90 £ 0.17 2.78 +0.53 3.85+0.81 (%)  4.06+1.06
CrP # 7.02+0.70 10.98 + 0.98 1152+ 1.03$ 9.26 +1.17
Cr 472 +0.29 7.92+2.05 7.77+2.90 15.84 + 6.92
Pyruvate 2.85+0.30 2.60 £ 0.40 3.83+0.87 3.13+0.13
Lactate # * 3.62+0.44 (%) 3.63+0.85 1.81+0.29 2.14 +0.60
ATP/ADP 1.67 £0.35 2.48 £0.62 1.75+0.45 1.48 £ 0.52
CrPICr 1.18 £0.17 1.98 £ 0.69 2.45 %+ 0.68 1.53+1.14
CrP/ATP 3.20+0.96 2.22+£0.45 2.13+0.12 1.94 £ 0.35
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Table 2.2. Metabolites in resting gastrocnemius of first generation (Gi1) laboratory
born and raised deer mice. Data presented as mean = SEM. All values are pmol/g wet
weight. Cr: free creatine; CrP: creatine phosphate. Significant (p<0.05) differences denoted
by *. Differences approaching significance (p<0.07) denoted by (*). Student’s T-test. N =

7-9.
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Normoxia Hypoxia
ATP * 4.36 + 0.37 6.75+0.75
ADP 2.97+0.63 2.66 £0.33
Crp * 6.68 + 0.78 9.97+£0.38
Cr~* 4.43 +0.57 9.28+1.47
Pyruvate (*) 3.15+0.25 2.30£0.33
Lactate 4.62+091 476 +0.81
ATP/ADP 211+0.61 2.71+0.42
CrPICr 1.53+0.38 1.04 £ 0.16
CrP/ATP 1.52 +£0.09 1.36 £ 0.24
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Table 2.3. Enzyme activities and ratios in gastrocnemius of highland deer mice.
Enzyme activity reported in umol/min/g wet weight. Data presented as mean + SEM. N =
8. * indicates significant difference within an enzyme and different letters signify
significant difference between groups in an enzyme. 1-way ANOVA with Holm-Sidak post

hoc testing.
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Normoxic G Hypoxic G1 Wild

HOAD 29.5 3.0 24.6 3.3 34.0 £2.12
MDH * 692 + 55° 540 + 27° 904 + 132"
PK 181+ 17 154 + 8 170.+ 8

CS 40.6 £3.1 346 2.0 35.6 £ 4.1
LDH 280 + 21 271+ 11 299 + 14

HOADI/CS * 0.73 +£0.06 0.73+0.10 1.02+0.10
LDH/CS 7.13£0.70 7.97 £0.43 8.99 + 0.96
LDH/HOAD 9.87 + 0.84 12,57 +1.90 9.01 +£0.69
PK/LDH 0.64 +0.03 0.58 +0.04 0.57 £ 0.03
MDH/LDH 2.54+0.23 2.03+0.15 3.08 +0.46
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Discussion

The aim of this study was to investigate changes in the metabolic regulation of the
CHO pathway in deer mouse gastrocnemius after acclimation to chronic hypoxia. By
investigating changes in metabolic regulation, we sought to establish a mechanistic
explanation for changes in fuel use during submaximal exercise at the whole-animal level.
We found higher PDH activation and lower lactate concentrations in gastrocnemius of
hypoxia-acclimated mice than normoxia-acclimated mice at similar submaximal
workloads. Conversely, we found no differences in sarcolemmal GLUT4 density or
maximal activity of multiple enzymes with acclimation in the G1 mice. These data support
our hypothesis by indicating changes in metabolic regulation of the CHO pathway with
hypoxia acclimation but suggest that that such changes are not consistent between steps of
the CHO pathway. By elevating PDH activity and decreasing lactate accumulation,
hypoxia-acclimated Gi: mice are able to support higher flux rates through the CHO
pathway, thereby supporting higher rates of CHO at the whole-animal level under

submaximal intensities.

This study is the first to our knowledge to investigate changes in metabolic regulation
of the carbohydrate oxidative pathway in mice using an in situ muscle stimulation
approach. Benefits of using an in situ approach include having a fine level of control over
muscle workload, preservation of physiological conditions and shortened sampling times
post-contraction, which are critical for accurately capturing the exercise metabolic
phenotype. Similar studies have been performed using in vitro muscle stimulation (e.g.,

Dunford et al., 2011; Herbst et al., 2012), but the size of the deer mouse gastrocnemius is
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too large for such an approach due to limitations in O delivery (Segal and Faulkner, 1985).
In contrast, Oz and substrate delivery are not limiting for in situ approaches due to an intact

circulation to the gastrocnemius (McDonald et al., 1992).

A weakness of this study is the inherent difficulty in comparing workloads of an
isolated muscle to workloads at the whole-animal level. Not only is there a large difference
between modes of exercise in the number of levels of physiological organization involved,
the metrics used to measure workload are distinct. Typically, isolated muscle workloads
are measured as force production, while whole-animal workloads are measured as O>
consumption rates. While force production measures energetic output that may be supplied
by aerobic and anaerobic metabolism, O, consumption rates reflect energetic output
supplied only by aerobic metabolism. It is for these reasons that direct comparisons
between modes of exercise should be avoided and instead, comparisons between workloads

within each mode of exercise should be made.

PDHIt activity did not change with acclimation in the Gi mice, indicating that the
capacity for pyruvate oxidation is unchanged in hypoxia. This finding is in accordance with
a previous mitochondrial study from our lab (Mahalingam et al., 2017) that found no
differences with hypoxia acclimation in pyruvate-fuelled mitochondrial respiration in
permeabilized gastrocnemius fibers. Surprisingly, PDHt activity was significantly higher
in gastrocnemius from wild mice than in the G1 mice. In addition, CS activity was not
different between the G1 and wild mice, indicating that differences in PDHt activity are not
the result of changes in mitochondrial volume (Larsen et al., 2012). This suggests that wild

deer mice may have an enhanced capacity for aerobic CHO during exercise compared to
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G1 mice and that they do so through mitochondrial remodelling. Differences between G;
and wild mice phenotype indicate that likely both developmental and adult plasticity have
effects on determining whole-animal fuel selection patterns during exercise in the wild.
While phenotype appears to converge at the whole-animal level, adult and developmental
plasticity may induce different underlying biochemical mechanisms. Specifically, adult
plasticity appears to promote elevated PDHa in exercising muscle, while combined with

developmental plasticity appears to promote elevated PDHt.

In accordance with our predictions, we found that PDHa activation was higher in
hypoxia-acclimated mice than normoxia-acclimated mice under a light workload, and that
PDHa activation converges between acclimations at the heavy workload. By supporting
higher PDH activity at submaximal workloads, hypoxia-acclimated mice may sustain
elevated rates of aerobic CHO in muscle, as was seen in whole-animal fuel selection
patterns in deer mice during submaximal exercise (Lau et al., 2017). Since glucose has a
relatively high ATP yield per O2 (Brand, 2005; Welch et al., 2007), increased PDH activity

at submaximal exercise should translate to elevated exercise performance in hypoxia.

The primary determinant of PDH activity is phosphorylation state resulting from the
relative activity of PDK and PDP (Linn et al., 1969). Therefore, the increased PDH activity
following hypoxia acclimation suggests higher rates of PDH dephosphorylation, which
may be achieved by increases in PDP activity and/or decreases in PDK activity. Both PDK
and PDP are regulated allosterically by cellular energy markers, such as pyruvate and
ATP/ADP concentration ratios (Pettit et al., 1975). While there are additional allosteric

regulators of PDK and PDP activity not measured in our study (CoASH/acetyl-CoA,
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NAD*/NADH, Ca?"; Denton et al., 1972; Pettit et al., 1975), our metabolite data did not
show any changes in gastrocnemius energy status between acclimations, therefore
indicating that changes in PDK or PDP activity with acclimation are likely the result of

changes in expression.

In muscle, the 4 PDK and 2 PDP isoforms vary in plasticity of expression and
regulatory pathways. For example, both PDK2 and PDK4 are responsive to nutrient and
hormonal sensors (Sugden and Holness, 2006), which may change during hypoxia exposure
and downregulate total PDK expression. To date, only PDK1 expression has been found to
be plastic in response to environmental hypoxia exposure. The transcription factor hypoxia-
inducible factor (HIF), has been linked to PDK1 expression in cellular (Kim et al., 2006;
Papandreou et al., 2006) and rodent (Dunford et al., 2011; Le Moine et al., 2011) models.
While PDK1 can phosphorylate the first 2 phosphorylation sites of the a subunit of PDH
(Ser?®4, Ser?™), PDK1 is unique among the PDK isoforms by its ability to phosphorylate
the third phosphorylation site (Ser?®®) (Korotchkina and Patel, 2001). This characteristic
may explain why small increases in PDK1 expression are sufficient to decrease PDH
activity despite large decreases in total PDK activity via PDK2 knockout (Dunford et al.,
2011). Since PDK1 expression is sensitive to levels of HIF-1a, changes in PDK1
expression are likely requisite for regulating changes in CHO with acclimation to chronic
hypoxia (Le Moine et al., 2011). HIF-1a abundance is directly controlled by the activity of
prolyl hydroxylase, which degrades HIF-1a in the presence of Oz (Bruick and McKnight,
2001). While HIF-1a is elevated in acute hypoxia, HIF-1a decreases to normoxic levels

with chronic hypoxia exposure (Le Moine et al., 2011). The decrease in HIF-1a is likely
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mediated by cellular ‘desensitization’ to HIF by increased activity and expression of prolyl
hydroxylase with chronic hypoxia (Ginouves et al., 2008). Therefore, the increased PDH
activation seen with stimulation after hypoxia acclimation in highland deer mice observed
in this study may be the result of decreased PDK1 expression via cellular desensitization

to HIF.

Previous work that identified elevated CHO rates in exercising hypoxic highland deer
mice found no differences from controls in intramuscular glycogen use with exercise (Lau
et al., 2017), suggesting a greater reliance on circulating glucose to fuel locomotion in
hypoxia. Surprisingly, we found no differences in sarcolemmal GLUT4 protein abundance
with exercise or acclimation, suggesting that GLUT4 density at the light workload is
sufficient to maintain high MGU rates. This is partially supported by previous transgenic
rodent studies that changed the expression of GLUT4 and/or the enzyme hexokinase Il. In
these studies neither GLUT4 overexpression nor its partial knock out had any effect on
exercise MGU, but partial hexokinase knock out significantly decreased exercise MGU
(Fueger et al., 2004a; Fueger et al., 2004c). These studies identified hexokinase activity as
the rate-determining step of MGU during exercise, therefore suggesting that increases in
sarcolemmal GLUT4 density may not be necessary for increasing MGU rates in exercising
muscle. Previously, our lab found that hypoxia acclimation increased hexokinase activity
in highland deer mouse gastrocnemius (Lau et al., 2017), suggesting that higher MGU rates
during exercise may be achieved via increasing rates of glucose phosphorylation without

increasing sarcolemmal GLUT4 density.
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In conjunction with elevated PDH activity, hypoxia-acclimated mice also showed
lower accumulation of intramuscular lactate in the gastrocnemius, despite little change in
pyruvate accumulation. These data suggest that a greater relative fraction of glycolysis-
derived pyruvate is oxidized via PDH and not reduced by LDH. Since lactate is a metabolic
intermediate that diverts carbon away from the mitochondria, reduced lactate accumulation
represents an energetic strategy where ATP formation per mole of glucose is increased. In
conjunction with an elevated preference for CHO that maximizes ATP yield per O,
highland deer mice maximize energetic output during exercise at high altitude by
minimizing anaerobic glycolysis. A major caveat to our finding of reduced intramuscular
lactate accumulation is that we have not measured lactate efflux into the circulation, which
may occur via monocarboxylate transporters (Juel and Halestrap, 1999). However,
circulating lactate concentrations in post-running deer mice do not support this explanation,

as they were unchanged with acclimation (Lau et al., 2017).

We measured various metabolites to assay the energetic status of the gastrocnemius
post-contraction. Surprisingly, we found no differences in any of the metabolite ratios,
suggesting no differences in the energetic status of the muscle between workloads and
acclimations. We similarly found no differences in ATP concentrations, but this was
expected as ATP concentrations in vivo are tightly guarded by changes in ADP
phosphorylation rates (Hochachka and Matheson, 1992). Interestingly, ADP concentrations
were higher in the hypoxia-acclimated mice, which could contribute to elevated CHO flux
rates due to allosteric activation of proteins in the CHO pathway, such as

phosphofructokinase (PFK) (Denton and Randle, 1966). CrP use was apparently lower in
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hypoxia acclimation at the light workload, but both acclimations converge at the heavy
workload, with no differences in Cr accumulation throughout. This finding was
unexpected, as CrP is typically depleted with heavier workloads to form Cr (Kristensen et
al., 2015). However, CrP is typically an ATP source used most prevalently in the opening
~30 seconds of an exercise bout (Hultman and Sjéholm, 1983), before aerobic fuel sources
may be fully mobilized and oxidative pathway flux is sufficient to meet ATP demand.
Therefore, by the end of a 3-minute stimulation protocol, aerobic pathway flux may be high
enough to support ATP demands and (at least partially) regenerate CrP stores. Intriguingly,
lactate accumulation was lower in the hypoxia-acclimated mice, despite no changes in
pyruvate accumulation. This is surprising, given that lactate formation is reversible and
reaches an equilibrium with pyruvate formation, suggesting that lactate formation is limited
by substrate availability. Pyruvate may by sequestered by to the mitochondria via
mitochondrial pyruvate carrier and PDH (Vacanti et al., 2014), while NADH may be
sequestered by the malate aspartate shuttle (Wu et al., 2007). As intermediates in anaerobic
pathways, higher CrP and lower lactate accumulation in the hypoxia-acclimated mice
suggests a greater reliance on aerobic ATP sources to fuel contractions (Hochachka, 1994).
Thus, these provide additional support for increased reliance on aerobic CHO to fuel

submaximal exercise in hypoxia.

In addition to changes in metabolic regulation, we investigated changes in hierarchical
regulation by measuring the activity of multiple gastrocnemius enzymes involved in fuel
metabolism. Unlike previous studies from our lab, we measured the activity of the TCA

cycle enzyme, MDH, and directly compared the activities of HOAD, PK, LDH, CS and
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MDH between the two acclimation groups of G1 mice and wild mice. The activities of
HOAD, PK, LDH and CS were not different between acclimations in the G mice, in
accordance with previous studies from our lab (Lau et al., 2017; Lui et al., 2015), a finding
shared by MDH activity. Only MDH activity was higher in the wild mice; activity of the
other 4 enzymes was not different between wild and lab mice. To supplement the absolute
enzyme activity measurements, we also measured enzyme activity ratios to quantify
relative flux capacities for multiple pathways. Of the 5 enzyme activity ratios measured,
only HOAD/CS was significantly different between groups, with wild mice trending as
higher than G1 mice in either acclimation (p = 0.03). A higher HOAD/CS ratio suggests
elevated lipid oxidation capacity relative to aerobic metabolism and is likely to support
thermoregulation against low ambient temperatures encountered at high altitude. This ratio
is elevated in the wild mice likely due to the cold exposure experienced by these mice
through development and adulthood, as the G1 mice were born and raised in common
garden conditions. High PK/LDH and MDH/LDH ratios are hypothesized to support
aerobic CHO, by limiting pyruvate and NADH flux toward LDH (Hochachka, 1994) yet
highland deer mice can increase CHO at the whole animal level without changing either of
these ratios. These data suggest that the capacities for multiple fuel metabolism pathways
are relatively fixed and provide that changes in CHO pathway flux with acclimation are not

due to changes in hierarchical regulation, but metabolic regulation.
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Preferential CHO during submaximal exercise is a metabolic strategy that has only
been documented in highland taxa (Lau et al., 2017; Schippers et al., 2012), suggestive of
selective pressures for this phenotype. The data collected from this study show that the
exercise-induced activation of a major determinant of CHO, PDH, changes with hypoxia
acclimation in highland deer mice. These are the first data that form a mechanistic
explanation for whole-animal fuel selection patterns at high altitude. Subsequent studies
should identify causative factors that explain differences in PDH activation during exercise.
Changes in PDK1 expression via HIF-1a may be a promising start. In addition, the
measurements performed in this study should be repeated in gastrocnemius sampled in G
mice immediately post-running at a constant submaximal intensity, to verify that trends
seen in a muscle stimulated in isolation match those from an animal engaged in whole-body
exercise in the wild. High altitude-native taxa have evolved a metabolic phenotype unique
among mammals that deserves further investigation. Such work would be of benefit to the
field of comparative physiology, because advancements in the understanding of high
altitude bioenergetics would contribute to the understanding of the evolution of phenotypes

evolved for high performance in limiting conditions.
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CHAPTER 3: Summary and General Discussion

For many years, researchers have been interested in investigating the physiological
adaptations used by highland animals to survive at high altitude and how they differ from
responses used by lowland natives (Hochachka et al., 1982). The aim of the present study
was to provide a mechanistic explanation for the highland deer mouse-specific plasticity in
CHO reliance during submaximal exercise (Lau et al., 2017). Past work had suggested that
changes in maximum capacities of skeletal muscle glycolytic enzyme could not explain
whole animal differences in exercise CHO, indicating that changes in hierarchical
regulation are insufficient in explaining the plasticity in whole-animal fuel selection (Lau
et al., 2017). Therefore, we examined the role of changes in metabolic regulation as an
alternative strategy to promote CHO rates during submaximal exercise. For my thesis, we
examined 2 important steps in this pathway known to be regulated in line with CHO in
other model systems: GLUT4 translocation for MGU and PDH activation for pyruvate
oxidation. We found that hypoxia acclimation does not affect GLUT4 translocation but
PDH activity was increased at submaximal workloads in isolated muscle, indicating higher
capacity for pyruvate oxidation and thus, CHO. These data provide support for our
hypothesis that greater submaximal exercise CHO in highlanders is the result of changes in

metabolic regulation of muscle metabolic pathways.

There are long-standing hypotheses regarding high altitude metabolic adaptation that
have not been adequately explored. For example, Hochachka (1994) argued that
biochemical adaptation to high altitude included 1) maximizing ATP/ mole fuel and 2)

maximizing ATP/ mole O,. Hochachka’s first hypothesis is supported by the apparent
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preference for CHO at the tissue and whole-animal level in highland natives (Holden et al.,
1995; Lau et al., 2017; Schippers et al., 2012) due to a higher ATP yield per O, consumed
(Brand, 2005; Welch et al., 2007). Hochachka’s second hypothesis is supported by the
reported prevalence of oxidative muscle phenotypes in some highland natives (Lui et al.,
2015; Mahalingam et al., 2017; Scott et al., 2015). A more oxidative phenotype supports
elevated rates of O utilization to maintain aerobic metabolism, which produces more ATP
per fuel oxidized than via anaerobic metabolism. A classical observation that follows this
trend is the ‘lactate paradox’ (reviewed by Hochachka et al., 2002; Kayser, 1996), where
highland natives produce less lactate than lowlanders at similar exercise intensities. Lactate
formation represents a potential loss in ATP as ATP produced from lactate is ~5% of the

ATP formed from complete glucose oxidation to COa.

It presently remains unclear how highland deer mice display appropriate allocation
of fuels to different activities of high metabolic demand. Reliance on CHO is upregulated
during exercise in hypoxia (Lau et al., 2017) due to high ATP yield per O, while lipid
oxidation is upregulated during thermogenesis in combined cold and hypoxia (Cheviron et
al., 2012; Lyons et al., in prep) due to extensive stores within the body and a high ATP
yield per mole fuel. Active muscle is a significant source of energetic output for each
activity: active muscle is estimated to be responsible for up to 90% of total O, consumption
during exercise (Mitchell & Blomqvist, 1971; Weibel et al., 1991) and shivering
thermogenesis is responsible for up to 70% of total O> consumption during thermogenesis
(Nespolo et al., 1999). The primary difference at the whole muscle level between shivering

thermogenesis and exercise is the pattern of contractions: coordinated during locomotion
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and uncoordinated during shivering. Despite this seemingly simple difference in muscle
activation patterns, fuel wuse is dramatically different between exercise and

thermoregulation in the same tissue (Haman and Blondin, 2017).

It is unlikely that highland deer mouse muscle is specialized in the oxidation of
either carbohydrates or lipids, as their metabolic pathways are structurally different from
each other and can be antagonistic in some circumstances. Instead, deer mice likely increase
flux rates at steps shared between each pathway, such as delivery of O, and substrate to
active muscle and oxidation at the mitochondria. Indeed, capillarity is higher in highland
gastrocnemius (Lui et al., 2015; Scott et al., 2015), supporting higher rates of tissue
perfusion and promoting increased O extraction (Tate et al., 2017). Further, plasma flow
to active tissues may be higher in highland mice in hypoxia due to lower haematocrit (Lui
et al., 2015) and similar heart rate (Ivy and Scott, 2017; Lui et al., 2015). At the level of the
muscle, total mitochondrial volume is higher in highland deer mice, due to higher volume
in the subsarcolemmal subpopulation (Mahalingam et al., 2017). Subsarcolemmal
mitochondria are close to capillaries and thus have low diffusion distances for circulating
substrates and O», thereby greatly increasing accessibility to these resources necessary for
aerobic metabolism (Hardy et al., 2009). By increasing the capacity for O, and substrate
delivery to the mitochondria and their capacity for oxidation, highlanders may have evolved
a phenotype optimized for sustaining intensive rates of aerobic metabolism to fuel
metabolically demanding activities. While these highland traits help to explain
performance differences between populations, many of these traits are unchanged with

acclimation as adults in the highland population. Thus, they cannot fully explain the
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plasticity in fuel use during exercise or thermoregulation, but the results of the current study
indicate that changes in metabolic regulation of fuel metabolic pathways may be

contributing to this plasticity.

Future directions

There are other proteins in the muscle CHO pathway that may be sites of additional
plasticity in metabolic or hierarchical regulation and represent sites of work that future
studies can focus on. Both HK and PFK have high control coefficients in determining
glycolytic flux rates (Rapoport et al., 1974), but HK activity is almost entirely controlled
by hierarchical regulation, while PFK activity is almost entirely controlled by metabolic
regulation (Suarez et al., 2005). This context helps to explain why hypoxia acclimation in
highland deer mice increases Vmax 0f HK, but not PFK (Lau et al., 2017). The metabolic
regulation of PFK would be a worthwhile topic of study, as differences in activity could
help to explain trends in glycolytic flux and ultimately pyruvate formation rates for CHO.
Glycogen phosphorylase is also a potential site of changes in metabolic regulation with
acclimation, but differs from most proteins in that metabolic and hierarchical regulation
have roughly equal contributions over regulating flux (Suarez et al., 2005). Intramuscular
glycogen use in exercising highland gastrocnemius is similar between normoxia- and
hypoxia-acclimated mice, despite large discrepancies in CHO rates (Lau et al., 2017),
suggesting an increased reliance on circulating glucose as a intramuscular glycogen-saving
strategy. Therefore, glycogen phosphorylase activation may change with acclimation to
induce glycogenolysis but only at high workloads. Both PFK and glycogen phosphorylase

are subject to allosteric regulation by adenylates and other markers of cellular energy
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balance (Cori and Green, 1943; Denton and Randle, 1966), thus acting as a site of activity

modulation with acclimation that can be explored with further metabolite studies.

Upstream in the CHO pathway from glucose uptake and oxidation at active muscle
is glucose provisioning from the liver. The liver acts as a metabolic hub that finely regulates
circulating glucose levels by exporting glucose derived via glycogenolysis and
gluconeogenesis (Wasserman, 2008). While blood glucose concentrations are unchanged
with exercise in normoxia and hypoxia in highland deer mice, MGU rates are likely
elevated to fuel the elevated CHO rates during exercise in hypoxia (Lau et al., 2017). To
maintain euglycemia, glucose export by the liver is likely elevated to match MGU rates,
suggesting elevated rates of hepatic glycogenolysis and/or gluconeogenesis. However, liver
glycogen depletion is similar between groups with a trend for lower depletion after
acclimation in HA mice (Lau et al., 2017), suggesting a greater reliance on gluconeogenesis
to maintain euglycemia. Differences in hepatic glycogenolytic rates are likely the result of
alterations in endocrine signalling from the pancreas via glucagon and adrenal glands via
epinephrine (Exton et al., 1972). If muscle phenotype in highland deer mice is adapted to
support elevated rates of aerobic CHO, then it is likely that the liver phenotype is similarly
adapted to support elevated rates of glucose export to sustain high CHO rates during

submaximal exercise.
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Implications

Fuel use patterns during exercise are likely to determine behaviours during exercise.
By relying on CHO to fuel submaximal exercise, wild highland mice may experience
energetic trade-offs in the wild. For example, glucose is stored in relatively limited amounts
in vivo, and would last up to 25 minutes of exercise at 75% VO.max (McClelland et al.,
2017). By working with such a limited fuel source, mice may shape their behaviour to
exercise by relying on short bouts of running to or from shelter to perform ecological
activities, such as foraging and mating. This strategy may be beneficial when the
consideration of ambient cold is considered. Specifically, time spent outside of shelter is
associated with significantly elevated metabolic costs associated with thermogenesis, so

minimizing time spent in the cold by quickly running to and from shelter may be adaptive.

The mammalian fuel selection model during exercise has been well characterized
and shown to be conserved across a wide range of mammalian taxa (Schippers et al., 2014;
Weber and Haman, 2004). Despite such a well-conserved model, highland mice have been
observed as exceptions that exhibit an elevated reliance on CHO during submaximal
exercise (Lau et al., 2017; Schippers et al., 2012). The underlying mechanisms that allow
highland mice to have a high CHO reliance are not well understood, but the findings of this
study serve as preliminary evidence indicating that plasticity in metabolic regulation is a
contributing factor. It is also unclear if similar degrees of plasticity in metabolic regulation
can be found in lowland natives. If lowlanders indeed do not show such plasticity in
metabolic regulation, then this plasticity represents a potential trait that allowed highland

ancestors to invade the high-altitude niche.
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Appendix
Table A.1. Contractile characteristics of gastrocnemius stimulated in situ. Max force
production (Fmax), average force production during a submaximal workload (Fwork) reported
as absolute force (in mN). Relative work force production standardized to Fmax. Optimal
length (Lo) reported as absolute length. Fatigue reported as average force of final three
contractions standardized to average force of initial three contractions (Fin). Data presented

as mean + SEM. N = 5-8.
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Normoxia Hypoxia
Light Heavy Light Heavy
Fmax (MN) 474.4 +£59.7 408.1+£45.1 4279+ 36.3 371.4 £ 20.5
Fwork (MN) 106.4 +18.1 198.6 + 20.5 96.1+9.3 176.1 +10.0
Rel. Fuork (%Fmax) ~ 22.3+2.4 492+ 14 22.4+08 476+1.4
Lo (mm) 10.1+0.2 11+0.6 111+£0.5 10.7+£0.5
Fatigue (%Fin) 96.6 + 4.9 92.1+ 5.4 94.9 + 3.0 92.8+1.9

74



M.Sc. Thesis — S. Coulson; McMaster University - Biology

Fig. A.1. Sample force frequency curve of a gastrocnemius stimulated in situ.
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Fig. A.2. Sample standard curve for PDH assay. Counts per minute (CPM) of *4C-
citrate produced from known concentrations of acetyl-CoA assayed in duplicate using a

radiolabelled assay.
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Table A.2. Dilution factors used for calculation of PDH activity. A) dilution factors
for the homogenization and PDH reaction steps. B) dilution factors for acetyl-CoA
extracts prior to acetyl-CoA assay. *represents values that are variable: K.CO3z volume

ranges from 12 to 14 uL; corresponding dilution factor ranges from 1.26 to 1.27.
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A
Dilution Dilution Factor
Homogenization (30pL + Img) / 1Img 31
PDH Reaction (30uL + 720uL) / 30 pL 26
Acetyl-CoA Extract  (200uL + 40uL + 13*pL) / 200uL 1.265*
Acetyl-CoA (10pL + 190pL) / 10pL ** 20%*
Dilution
B
Rest Exercise
PDHa PDHt PDHa PDHt
Normoxic Gy 10 40 40 40
Hypoxic G1 10 40 40 40
Wild 20 40 40 40
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