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ABSTRACT

During hibernation, daily torpor, and fasting, nmaais reduce metabolic rate
(MR) up to 99%, 95%, and 30%, respectively, compate resting levels.
Mitochondrial metabolic suppression likely conttiési to this MR reduction, and the
first objective of this study was to determine tlegative contributions of active,
regulated inhibition and passive thermal effectsbagy temperature J falls, to
mitochondrial metabolic suppression, and to exantiiremechanisms involved using
top-down elasticity analysis and novel statistaggproach. The second objective of this
study was to determine how mitochondrial metabslippression affects mitochondrial
reactive oxygen species (ROS) production, a topnickv has been largely ignored
previously. To accomplish these objectives, | mesbun vitro respiration and ROS
production rates of mitochondria from liver, skaletmuscle, and/or heart during
hibernation in thirteen-lined ground squirreistidomys tridecemlineatiisspontaneous
daily torpor and fasting in dwarf Siberian hamst@blodopus sungorjisand fasting-
induced daily torpor and fasting in laboratory m{®¢dus musculuysover a range of
physiologically-relevant temperatures. In livegtst3 respiration measured at 37°C was
70%, 35%, and 31% lower during hibernation, dadlgpor, and fasting, respectively,
resulting largely from substrate oxidation inhibitiat complex | and/or 1. In skeletal
muscle, state 3 respiration measured at 37°C vdagee up to 32% during hibernation.
By contrast, in heart, state 3 respiration measate@87°C was 2-fold higher during
daily torpor in hamsters. Therefore, active, retgda mitochondrial metabolic

suppression in several tissues characterizes maammiaypometabolism, accounting



for up to 16% of the MR reduction observed. Intesues, mitochondrial respiration
declined with in vitro assay temperature, and d#fifces among metabolic states were
not observed at low temperatures (10-15°C), sugggstat passive thermal effects also
play an important role, particularly during steasdgite torpor when body temperature is
low. In liver and heart (but not skeletal muscle@sal ROS production and/or free
radical leak (FRL; proportion of electron flux léag to ROS production) was generally
higher during hypometabolism when measured at 3p&tticularly at complex Ill.
However, in all tissues, ROS production and FRLidsiy declined with temperature,
suggesting that, while mitochondrial metabolic gegpion may increase the potential
for mitochondrial ROS production, perhaps leadiogxidative stress during fasting,

low Ty, during torpor may, in fact, alleviate the accuntiolaof oxidative damage.

Key Words: hibernation, daily torpor, heterothermy, fastingargation, oxidative

phosphorylation, reactive oxygen species (ROS)
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CHAPTER 1

General Introduction

1.1 Mammalian hypometabolism

1.1.1 The metabolic rate of mammaidl. animals transform chemical potential
energy from foodstuffs into work or heat (Randalake 2002; Hill et al. 2008). The rate
at which this conversion takes place is called bwta rate (MR) and can be
deconstructed into two basic components: obligatorg facultative. The obligatory
component is called basal metabolic rate (BMR) maatherms (i.e., mammals and
birds) and standard metabolic rate (SMR) in ectotise and represents the minimal rate
of metabolism necessary to sustain life (Hulbed Bise 2004). BMR is measured in
resting, post-absorptive adults at thermoneutrahptratures (Kleiber 1961). The
facultative component is the additional rate of abetism used to fuel all other
activities (e.g., reproduction, locomotion, feeditfiermogenesis, growth) and increases
metabolism above BMR, up to some maximum metalralie (MMR) in the shorter
term (i.e., minutes/hours), or sustained metahalie (SUMR; Hammond and Diamond
1997) in the longer term (i.e., days/months). Whitemals may operate at BMR or
MMR/SUMR at certain times, they typically functiat some intermediate rate of
metabolism, reflected by measurements of field bwia rate (FMR), which is a
measure of the energy expenditure by animals iir tiegural environment over an

extended period of time (Nagy 1987).



Compared with most vertebrates, mammals have figterates of metabolism.
BMR of mammals is about 10-fold higher than SMR sifmilarly-sized fish,
amphibians, and reptiles, even when standardizetidesame body temperature,;(T
White et al. 2006), and FMR of mammals is 11-foighler than that of similarly-sized
reptiles (Nagy et al. 1999). The selective pressuaedrove the evolution of such high
rates of metabolism in mammals is a contentiouseis®ne hypothesis (the “aerobic
capacity” hypothesis) is that mammals were seleéedhigh MMR/SuMR, which
allowed for better prey capture and/or predatorsiwa (Bennett and Ruben 1979;
Taigen 1983). High MMR/SuUMR is thought to have restated the co-evolution of an
increased size of visceral organs, which are langamammals than comparatively-
sized reptiles (Else and Hulbert 1981; Franz et28D9), to support high rates of
metabolism during periods of activity. The mainteca of these larger visceral organs
during periods of inactivity is thought to elev@®R and FMR in mammals. Support
for this hypothesis is equivocal, with some (Bozigol992; Hayes and Garland 1995;
Boily 2002; Sadowska et al. 2005) but not all atghi&oteja 1987) showing that BMR
and MMR/SuMR are correlated both phenotypically a®hetically. An alternative
hypothesis (the “thermoregulatory” hypothesis) jutp that mammals were selected
for a high and relatively constant, {i.e., endothermy) by increasing their BMR and
simultaneously improving their thermal insulatiomhe proposed benefits of
endothermy are the ability to be active in coldenvienments (higher
latitudes/altitudes, night) than ectotherms (Crampat al. 1978), high activity rates of
enzymes adapted to work within a narrow temperatamge (Heinrich 1977), and the

prevention of fungal infections (Bergman and Casall€010). Despite these potential



benefits of endothermy, there is little empiricavidence to support the
thermoregulatory hypothesis (see Cowles 1958; Bereteal. 2000). A third, more
recent hypothesis proposes that mammals were séldot improved parental care
(Koteja 2000; Farmer 2000). A high SUMR would periigh rates of foraging for
provision of food to young, and concomitantly irased thermoregulatory capabilities
would permit mammals to incubate their young ahh@mperatures, which accelerates
development time and reduces developmental abnitiesa(Deeming and Ferguson
1991).

Regardless of which hypothesis represents the ¢tmese of mammalian
evolution, the high metabolism of mammals undougtgeklds some benefit; however,
the high MR of mammals is also costly. The mosewairthy cost is the requirement
for large amounts of food. Mammals consume 10-foidre food each day than
comparatively-sized reptiles (Karasov et al. 198@gy 1987) and maintain a greater
digestive surface to facilitate faster and moréecifht digestion (Karasov and Diamond
1985). Both food quality and abundance vary spggtiahd temporarily, and have
considerable effects on the capacity to maintagin BMR (McNab 1986). Moreover,
high rates of food consumption necessitate spenchngiderable time foraging, which
itself consumes energy reserves and, perhaps mp@tantly, increases predation risk
(Brown et al. 1994). Another important cost is teatlotherms exhibit a distinct aging
phenotype, which is thought to be related to higR Kle Magalhaes and Toussaint
2002). These costs of a high metabolism act teebtfe benefits, and the evolution of
mammals likely involved balancing these benefitd ansts. In some mammals, this

balance has been achieved by deriving some of éhefibs of a high metabolism via



other, less costly mechanisms. For example, imgrqredator avoidance is realized
via armoured plates and life underground in arn@liland naked mole rats,
respectively, and these species have lower BMRutirout their lives than other
comparably-sized mammals (Buffenstein and Yahavl1®bily 2002). These are

uncommon examples, however, and many mammals teathecbenefits and costs of
high MR by suppressing metabolism for periods wfeti ranging from hours to days.
The most notable hypometabolic states in mammashdrernation and daily torpor,
and mammals that undergo these phenomena are t@eterdthermic because they T
fluctuates over the course their life rather thamaining relatively constant as in
homeothermic endotherms. Mammals also become hypbole during periods of

euthermic fasting, although the degree of MR suggiom is much less than that
observed during hibernation or daily torpor. A dedon of important aspects of each
of these hypometabolic states is given in the tie®e sections.

1.1.2 Hypometabolism in mammals: hibernatiblibernation occurs in a wide
variety of mammals, including monotremes, marsgpiahd placentals (Carey et al.
2003; Geiser 2004), but has been particularly wteittied in ground squirrels
(Rodentia: Sciuridae). As a result, in the pregbasis, thirteen-lined ground squirrels
(Ictidomys tridecemlineatlisvere used as the experimental model of hibermnafibis
species is found in south-central Canada and méicheoMidwestern United States
(Streubel and Fitzgerald 1978).

Immediately following emergence from hibernation $pring, hibernators
undergo a brief period of reproduction (Kenagy 19&ter which they turn their

attention to building up energy stores for the ingiag hibernation season. Some



hibernators hoard food during summer for consumptiaring the hibernation season
(e.g., eastern chipmunks; Humphries et al. 200w}, rhost hibernators, including
ground squirrels, do not eat during the hibernaseason and, instead, consume large
amounts of food during the summer in order to buifdendogenous fat stores. The
extent of pre-hibernation fattening may be partidyl important for juveniles, for
which pre-hibernation body mass correlates withreirgering survival (Murie and
Boag 1984), and diet composition during this fatigrperiods has significant effects on
MR and T during hibernation, with potential consequences darvival and spring
reproduction (Ruf and Arnold 2008).

During the hibernation season, which can last up toonths in some species,
animals alternate between periods of torpor angerof interbout euthermia (Figure
1-1A shows data from this study for thirteen-lirg\dund squirrels). During torpor, MR
is suppressed as low as 5% of BMR or 1% of wirgsting metabolic (RMR; Figure 1-
1B; Geiser 2004), and,Tralls to as low as -3°C in Arctic ground squirréBarnes
1989), but typically only as low as 5°C in mosteatiground squirrel species (Figure 1-
1B; Geiser 2004), just a few degrees above amhb@mperature (J. T, falls not
because animals cease to thermoregulate but rdibeause the hypothalamic
thermoregulatory set-point temperaturege{Tis quite reduced, and hibernating animals
will increase their metabolism when, Talls below this new, lower ¢ (Heller and
Colliver 1974; Florant and Heller 1977). Uninterregb torpor bouts typically last
between 5-15 days (Geiser and Ruf 1995), and awidugl torpor bout ends with an
arousal, which is either spontaneous or provokeddiye external stimulus. During

arousal, animals rewarm themselves to approxim&@éiC within a few hours using



primarily endogenous sources of heat (i.e., shigeand non-shivering thermogenesis;
Lyman and Chatfield 1950; Smalley and Dryer 19@8jjough passive rewarming (via
solar insolation) may be used when available. Motlg arousal, animals enter the
interbout euthermic phase, whergrémains at approximately 37°C and MR remains at
typical resting levels for approximately 6 houns {hirteen-lined ground squirrels). As
much as 80% of the energy consumption during tberhation season occurs during
arousal and interbout euthermia, and several hggsethhave been proposed to explain
why hibernators arouse during the hibernation sgeaseluding the accumulation of
sleep debt (Daan et al. 1991) and the inabilitgetect infections (Prendergrast et al.
2001) during torpor. Following interbout euthermi¢glR and T, decline during entrance
into torpor. This pattern of the hibernation seasoseen both in laboratory and field
animals (Wang 1973).

1.1.3 Hypometabolism in mammals: daily torpBouts of daily torpor last, by
definition, no longer than 24 hours, though theidsiplength of a torpor bout is 5-12
hours. T, falls as low 12°C, though typical torpig i& 18°C, and MR drops by as much
as 70% of BMR and 90% of RMR (Geiser 2004). Theest&o kinds of daily torpor—
spontaneous and fasting-induced—and each is repessdy the two experimental
models used in the present study. Dwarf Siberiansiers Phodopus sungorygigure
1-2 shows data from this study), native to the mspof Siberia and Kazakhstan (Ross
1998), undergo daily torpor spontaneously (i.e.thaut any immediately evident
stimulus) when acclimated to short photoperiod ¢8rh of light) for 3-5 months, even

when kept at thermoneutra} @and fed ad libitum (Heldmaier and Steinlechner1)98
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By contrast, laboratory strains of house mib&ug musculusFigure 1-3 shows data
from this study) undergo daily torpor within a dayresponse to fasting (Hudson and
Scott 1979). There is some degree of interactidwdsn these two different forms of
daily torpor. For example, the frequency and doratof spontaneous daily torpor
increases when animals are food-restricted (Ral.et993). Moreover, reduced leptin
levels, although insufficient to induce spontanetaupor, are needed before torpor can
occur in dwarf Siberian hamsters (Freeman et &3p@nd are part of the mechanism
that invokes fasting-induced torpor in mice (Gawd et al. 1999). Nevertheless,
fasting alone cannot induce torpor in dwarf Siberfeamsters, except perhaps once
considerable body mass has been lost (Ruby andezu®92), whereas photoperiod
alone cannot induce torpor in house mice. Therefpentaneous and fasting-induced
daily torpor are distinct phenomena. Daily torpacwurs predominantly during the
inactive phase of circadian cycles, which permitgrals to remain active each day
following arousal from torpor in order to foragedamaintain social interactions.

1.1.4. Hypometabolism in mammals: euthermic fastmvigny mammals may
experience periods of fasting brought about by eactdod shortages and/or
environmental conditions that preclude foraging.the absence of food, survival is
limited by endogenous energy supplies, and smathmals may die within a few
days—even faster in cold environments—if food careofound (Lindstedt and Boyce
1985). In fact, the ability to find enough of thght kind of food is considered by some
as the most important determinant of survival (WHhi®78), and the capacity to survive
acute periods of fasting has important fithess equences (Wang et al. 2006). It is not

surprising, therefore, that much research has &mtusn how acute fasting shaped
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mammalian evolution (Lindstedt and Boye 1985; Mibad Hickling 1990). One of the
most important physiological responses to fastisg a significant but modest
suppression of metabolism (up to 30% of restinglevRixon and Stevenson 1957;
Munch et al. 1993; Fuglei and Oritsland 1999) thaturs without core glfalling more
than a few degrees (Markussen and Oritsland 198Bur&da et al. 2000). This MR
reduction during fasting has even been observethglyreriods of exercise (Mosin
1984), so it does not simply reflect reduced attivBy moderately suppressing MR,
animals reduce the rate at which they consume eambag energy reserves, which can
increase their likelihood of survival until foodsmirces return and/or environmental
conditions improve (Wang et al. 2006), but alsonpethem to remain fully active,

unlike hibernation or daily torpor

1.2 Overview of mitochondrial oxidative phosphoryldon and reactive oxygen
species production

There has been considerable interest in eluciddatiegmechanisms by which
MR is reduced during hypometabolism in mammalsthin next section of this thesis
(section 1.3), | propose that mitochondrial oxidatphosphorylation (OxPhos) may
play an important role in MR suppression becausBros is responsible for ~90% of
whole-animal oxygen consumption and has considerabhtrol over cellular energy-
demanding processes (Rolfe and Brown 1997). Intiaddlil propose that mitochondrial
metabolic suppression may have consequences farcoimdrial reactive oxygen

species (ROS) production and oxidative stress. Wewebefore | elaborate on these
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hypotheses, it is necessary to provide an overaemitochondrial OxPhos and ROS
production.

1.2.1 General principles of mitochondrial oxidativ@hosphorylation.
Mitochondria play a number of important roles ie tell (Zorov et al. 1997). The most
well-appreciated mitochondrial function, howeves,the synthesis of ATP, which is
used an energy source by many cellular processegigéBeit and Brand 1995).
Mitochondrial OxPhos employs the energy releasedth®y oxidative transfer of
electrons from chemically-reduced substrates togemyas a means to generate a
transmembrane electrochemical gradient—the mitodhain proton motive force
(AP)—which is subsequently used to power the phostdtamn of ADP via ATP
synthase (Hatefi 1985). A complete descriptionhaf tomplexity of OxPhos is beyond
the scope of this thesis, and some detailed revegwdxPhos have been published in
the last decade or so (Saraste 1999; Lesnefskidapdel 2006). Therefore, | will limit
my description of OxPhos here to those aspectsayezrto the experimental design and
interpretation of results of this thesis. In partar, | will focus on the pathways
necessary for transport and oxidation of two sabstr commonly used to assess
respiration and ROS production rates of isolatedochondria—glutamate and
succinate—as these were used in the present study.

1.2.2 Mitochondrial OxPhos: generation gP. Mitochondria are bounded by
two membranes. The inner mitochondrial membraneMJNounds the mitochondrial
matrix (MM), and the outer mitochondrial membran@MM) bounds the entire
organelle. The space between the two membranesllesddhe intermembrane space

(IMS). The two membranes differ considerably initipermeability. The OMM is quite
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permeable to most small (less than 1.5kDa) subssarcproperty attributed to voltage-
dependent anion-selective channels (VDAC; Colomb8¥9), but its permeability can
be regulated (Liu and Colombini 1992; Vander Heidgnal. 2000). The IMM is
impermeable to the free passage of most substdndesontains a large number of
transporters that function to selectively transleagertain substances into and out of the
MM (Palmieri 2004). Glutamate can be transportedss the IMM via two different
transporters: the glutamaté/ldymporter (GHS) and the glutamate/aspartate aigipo
(GAA; Bradford and McGivan 1973; LaNoue and Schaohv 1979). Succinate is
transported across the IMM via the dicarboxylasnsporter (DT), which exchanges
succinate for inorganic phosphate (Chappel 1968&latd, which is often added to
mitochondria during respiration with glutamate {aghe present study; see below) is
also transported into the MM via DT (Chappel 1968).

Once transported into the MM, glutamate can belig&d in two ways (Figure
1-4): i) deamination via glutamate dehydrogenadeH{; which leads to the formation
of o-ketoglutarate (KG) and NADH; or ii) by transamination via aspagtat
aminotransferase (AAT), in which an amine groupransferred from glutamate to
oxaloacetate (OAA) to produeG. This latter pathway can only occur when maisate
simultaneously supplied to the mitochondria, as Wa&scase in this thesis. Malate is
needed to generate OAA via the citric acid cycleyeme, malate dehydrogenase
(MDH), a reaction which itself produces NADH. Irttedr caseqKG is further oxidized
via another citric acid cycle enzyme-KG dehydrogenaseoKGDH), vyielding
additional NADH. Which of these pathways (deamiortivs. transamination)

predominates may be tissue-specific and reflederifices in GDH activity among
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Figure 1-4. Oxidative pathways and reactive oxygespecies production with glutamate as oxidative subsite. See List of
Abbreviations and Symbols for abbreviations usedows indicate substrate/electron flow pathwaysnfdompetitive inhibitors are
indicated by solid lines at their site of actiorrg@nization of electron transport chain (ETC) sifigd for presentation. See Boekema

and Bruan (2007) for details of ETC molecular agement. For simplicity, components involved in A3{hthesis are not shown.
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tissues (Borst 1962). Nevertheless, mitochondeapiration fueled by glutamate and
malate leads to the production of NADH within thé/M

NADH is oxidized via the mitochondrial electron ngport chain (ETC)
complex | (Zickerman et al. 2009). The first stapNADH oxidation by complex | is
the transfer of two electrons from NADH to the flavmononucleotide (FMN) within
the complex. Subsequently, these two electronpassed from FMN to ubiquinone (Q)
through a series of eight iron-sulfur (Fe-S) clustalso within the complex. The final
Fe-S cluster in the pathway (known as N2) is resjba for the electron transfer to
ubiquinone, which reversibly binds to complex l.this way, ubiquinone is reduced to
ubiquinol. The transfer of electrons from N2 to qubhone can be blocked by the
inhibitor rotenone (Friedrich et al. 1994). In adsh to transferring electrons from
NADH to ubiquinone, complex | also translocatestpng from the MM into the IMS,
thereby contributing the generation 4P, though the mechanism involved in this
proton translocation remains unknown (SherwoodHinst 2006).

Following its transport into the MM, succinate @xidized by succinate
dehydrogenase (SDH; complex Il of the mitochond&&C; Rutter et al. 2010; Figure
1-5). The initial step in this oxidation proceswalves a two-electron transfer to a
flavin adenine dinucleotide (FAD) within complex IThis step can be competitively
inhibited by malonate (Thorn 1953). Reduced FADdfars its two electrons, via three
Fe-S clusters, to a molecule of ubiquinone, leadinthe production of ubiquinol. The
transfer of electrons from succinate to ubiquinoési not release sufficient free energy
for proton translocation, and so, unlike complexdmplex Il does not pump protons

across the IMM and, therefore, does not contritiuegeneration ofP.
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Ubiqunol produced by complex Il can be oxidizeddmynplex | at the expense
of Ap. This “reverse” electron flow is often considefadphysiological” (e.g., Lambert
and Brand 2004) and can be inhibited by additionraénone to succinate-fueled
mitochondria, as was done in this thesis. Undersiphggical conditions, ubiquinol
produced by both complex | and Il is oxidized byngex Il of the mitochondrial ETC
(Figure 1-4; 1-5). Ubiquinol binds to a site on gex Il near the IMS (called £ At
this point, one electron from ubiquinol is transéer via the Rieske iron-sulfur protein
(ISP) to cytochrome jc(found within complex IlI) and one electron isrséerred to
cytochrome p (also found within complex 1ll). It is unclear wther these electron
transfers occur simultaneously (Zhu et al. 20073exyuentially, with electron transfer
to cytochrome ctaking place first, briefly leaving a ubisemiqumebound at the £
site (Crofts et al. 2008) The electron passed to cytochrome is subsequently
transferred to cytochrome c, a mobile electronieatocated within the IMS, loosely
bound to the IMM (Garrido et al. 2006). Cytochromeés subsequently oxidized via
complex IV of the electron transport chain. Withwomplex 1V, electrons from
cytochrome c are transferred to a cytochrorg€wg centre—the site of oxygen
reduction—via two other redox centres, .Cand cytochrome a. The transfer of
electrons from cytochrome to the cytochrorg€eg centre initiates the translocation of
protons by complex IV across the IMM (Belevich ét 2008), contributing to the
generation oAAP.

The ubisemiquinone bound at the, @ite transfers another electron to
cytochrome b and subsequently cytochrome, bboth of which are found within

complex Ill. From cytochrome 4 the electron is transferred to a molecule of
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ubiquinone which is bound to another site on complienear the MM (called the Q
site). This electron transfer leads to the productif a bound ubisemiquinone at the Q
site. The oxidation of a second ubiquinol molectdépwing its binding to the site,
leads to the production of another reduced cytaukro (which is oxidized by complex
IV) as well as the transfer of an electron to tleirid ubisemiquinone at the Qite,
which leads to the production and release of ubiguiThis is known as the Q-cycle
mechanism of complex Il (Trumpower 1990). The #lat transfer from cytochrome
by to the Q site can be inhibited by antimycin A (Gao et &03), and this ultimately
prevents the oxidation of ubisemiquinone molecllesnd at the Qsite by complex
.

1.2.3 Mitochondrial OxPhos: dissipation daP. In the presence of saturating
ADP and inorganic phosphat&P is dissipated considerably as protons flow thinoug
ATP synthase, leading to ATP production (Boyer 199Fhis dissipation ofAP
stimulates the activity of the mitochondrial ET€adling to high rates of mitochondrial
oxygen consumption. Mitochondrial oxygen consumptrate measured under these
conditions (i.e., in the presence of ADP, inorggrhosphate, and respiratory substrate)
is referred to as state 3 respiration. ADP is fparted into the MM via the adenine
nucleotide translocator (ANT) in exchange for ATHaff and Klingenberg 1968), and
inorganic phosphate is transported into the MM Iy phosphate transporter vid H
symport, and thus depends &R (Tyler 1969).

In the absence of ADP, or when ATP synthase a&gtiis inhibited by
oligomycin (Chappel and Crofts 1965), both of whprevent proton flow into the MM

via ATP synthaseAP is still dissipated, although to a much lesseerx as protons
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flow back into the MM via other pathways. The exaature of these pathways, with
exception of the uncoupling proteins (UCPs; Stearal. 1999), is poorly understood,
but membrane-protein interfaces may be an imposiéambf much proton leak (Jastroch
et al. 2010). BecaugtP dissipation is limited in the absence of ADP,db#vity of the
ETC and mitochondrial oxygen consumption are lowtobhondrial respiration rate
measured under these conditions (i.e., in the poesef a respiratory substrate but
following exhaustion of exogenous ADP) is refertedas state 4 respiration, and is
commonly measured by adding oligomycin (which imSibpATP synthase) to ADP-
phosphorylating mitochondria.

1.2.4 Top-down elasticity analysis of oxidative gptwrylation. OxPhos is a
complex process comprised of a large number oftimres; and trying to determine
which of these many individual reactions changeadtivity between metabolic states
can be a quite difficult task requiring several @loznzyme assays. One approach
which has greatly simplified this task is top-doelasticity analysis (Brand 1998). This
analysis uses a simplified view of mitochondrial ta®lism in which OxPhos is
considered as a system consisting of only threepooents (Figure 1-6): (i) substrate
oxidation, which includes any reactions that cdmité to the generation afP, such as
substrate transporters, Krebs cycle, and the notodhial ETC; (i) ADP
phosphorylation, which includes any reactions twattribute to the dissipation & in
the process of generating ATP, such as ATP synthabd, and the phosphate
transporter; and (iii) proton leak, which includesy reactions that dissipat® without
generating ATP, including both UCPs and constiaipathways. The three components

of OxPhos are all connectedA®, with substrate oxidation producing it as a poddu
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Substrate Oxidation

ADP Phosphorylation Proton Leak

Figure 1-6. A simplified view of mitochondrial oxidative phosphorylation. Substrate
oxidation generates the proton motive fora@) while simultaneously reducing oxygen
to water. During state 3 respiratiohP is consumed largely by ADP phosphorylation,

whereas during state 4 respiratia, is consumed exclusively by proton leak.
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and ADP phosphorylation and proton leak consumiragia substrate. The kinetics of
each component of OxPhos can be empirically detesthby simultaneously measuring
mitochondrial respiration rate amtP (usingAY¥,, as an approximation). Thus, top-
down elasticity analysis simplifies our approach determining how OxPhos is
modified between two states by requiring that weasnee the activity of only these
three components, rather than dozens of individnaymes.

To illustrate how the kinetics of a particular qoonent of OxPhos can be
measured experimentally, let us consider statesginagion (Figure 1-7). The oxygen
consumption rate andl¥, measured under state 4 conditions representsna qoithe
kinetic curves for both substrate oxidation andtgmoleak. In fact, state 4 can be
considered as the point at which substrate oxidatiod proton leak activity are in
equilibrium, such that the quantity of protons legkinto the MM across the IMM is
balanced by the protons being pumped out by the. BT Grder to measure the kinetics
of proton leak, the activity of substrate oxidationust be inhibited in a step-wise
manner. Following each inhibition of substrate atidn, new steady-state values of
respiration rate and¥, will be reached. Each inhibition of substrate axion will
cause mitochondrial respiration rate akB to decline (since both parameters result
from substrate oxidation), and a new equilibriunll we reached. These new steady-
state values of mitochondrial respiration rate an¢, represent another point on the
curve that describes the kinetics of proton leaknt@ued step-wise inhibition of
substrate oxidation will allow for the kinetic cenof proton leak to be determined.
Kinetic curves for substrate oxidation and ADP pgiasylation can be determined

similarly. If the kinetics of all three componeigsneasured, a quantitative analysis can
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Figure 1-7. Experimental determination of the kineics of the components of

oxidative phosphorylation. The kinetics of proton leak are shown as an exaropl

how the kinetics of oxidative phosphorylation cae &ssessed. State 4 values of
mitochondrial respiration and proton motive forge determined in the presence of
saturating substrate concentrations and oligomyidue. kinetics of proton leak are then
experimentally determined by step-wise additionsnafonate (a competitive inhibitor

substrate oxidation). Each addition generates rieadg-state values for mitochondrial

respiration rate andP, all of which lie upon the kinetic curve for pratleak. A kinetic

curve for substrate oxidation could be similarlyngmated starting from state 4

conditions by step-wise additions of carbonyl cganchlorophenylhydrazone (CCCP),

which stimulates proton leak.
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be performed to determine the extent to which eachponent contributes to changes
in mitochondrial respiration rate between states @&ppendix A).

1.2.5 Mitochondrial reactive oxygen species promunctAs described above,
during OxPhos, electrons removed from substratiésately reduce oxygen to water
by a four-electron process at complex IV. The oxyg®lecule bound to complex IV is
not released until all four electrons are transigriHowever, oxygen can interact with
other redox centres in the mitochondrial ETC, aimdthese cases, oxygen usually
receives only a single electron, leading to thedpotion of superoxide (D).
Superoxide is subsequently converted to hydrogemoxmie (HO,) either
spontaneously or via superoxide dismutase, aii@ Ean convert into hydroxyl radicals
(OH™-). These derivatives of oxygen4Q HO,, and OH-) are collectively referred to
as reactive oxygen species (ROS). ROS are knowmaid with biomolecules, such as
DNA, proteins, and lipids, and cause oxidative dgeni these cellular components. In
theory, any component of the ETC can produce R@S$,nmst mitochondrial ROS
production is derived from complex | and compldx I

The mechanism by which complex | produces ROSisnvell understood. ROS
production may occur at or near the site of ubigoebinding (Raha and Robinson
2000; Genova et al. 2001; Lambert and Brand 2004ishi et al. 2005), or the FMN
site (Liu et al. 2002; Kudin et al. 2004), or attbsites (Brand 2010). Notwithstanding,
ROS produced at complex | are released into the Miére they are subjected to
matrix antioxidants (St. Pierre et al. 2002; HaaleR001). Therefore, much of the ROS
produced at complex | is degraded before it cameldhe mitochondria. Most assays

that detect mitochondrially-derived ROS, such as¢hused in this thesis, only detect
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ROS that are released from the mitochondria ineosiwrounding medium; therefore,
ROS that are produced towards the MM (such as RO ftomplex ) are only
partially detected by most assays. As a resulsettessays are said to measure ROS
“release” and will underestimate total ROS produrcti

ROS production via complex Il is better underst@ompared with complex I.
The principle mechanism involves electron transfiemm ubisemiquinone, either
directly after its formation at the Qite (Raha and Robinson 2000) or via cytochrome
b. (Drose and Brandt 2008), though other poorly-ctiar&zed sites have also been
proposed (Han et al. 2001). Although ubisemiquinais forms at the Qsite, it
appears to be more stable and far less likely 4d k® ROS production (Zhang and
Gutterman 2006). Consistent with this notion, R@&dpced at complex 1l is largely
released in the IMS (i.e., the side on which theit@ is found), where it easily diffuses
across the OMM into the cytosol (St. Pierre e2@D2; Han et al. 2001), and only some
complex Ill ROS production may also be releasethenmatrix (i.e., the side on which
the Q site is found; Han et al. 2001). Therefore, mdgshe ROS produced at complex
Il is released from the mitochondria and is detdctby assays measuring
mitochondrially-derived ROS.

Complex Il does not produce ROS because of theeppe of a cytochrome b
within the complex. This cytochrome b is not neaeggor electron flux from succinate
to ubiquinone (Oyedotun et al. 2007), but its intioin has been shown to lead to ROS
production in a number of studies (e.g., Senoo-Midset al. 2001). Complex Il may
also produce ROS under certain cellular conditi@ng., hypoxia) that favour a reverse

electron flow through this site, such that the ena\ycatalyzes the reduction of fumarate
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to succinate (Paddenberg et al. 2003). Complexsl&lso not known to produce ROS
despite that several reactive oxygen intermediegeganerated within the complex as
the oxygen molecule receives four electrons sedplniHill 1994). Nicholls and

Ferguson (2002) outline a mechanism by which thigadtbe achieved.

1.3 Mitochondrial metabolic suppression and reactig oxygen species production
during mammalian metabolism: the objectives of myhesis project.

During hypometabolism, MR declines considerablpciitative metabolism
might be reduced by inactivity and/or cessatiofieefling (Storey and Storey 2004), as
well as the decrease insfwhich would decrease thermogenesis. In fact, sautieors
propose that cessation of thermogenesis and pasmvmal effects are sufficient to
fully account for MR reduction during hypometaboliGuppy and Withers 1999).
However, many heterotherms undergo torpor, witgdatrops in MR, even when held
at thermoneutral Jwhere facultative thermogenesis would be minirkdldmaier and
Steinlechner 1981). Moreover, large heterotherrpeces (e.g., black bears) achieve
considerable MR suppression (25%) althougméver drops below 30°C (Tdien et al.
2011), and hypometabolism during fasting occur$1 Wi falling only a few degrees.
Therefore, the obligatory component of metabolisen,(BMR) is also likely reduced
by some temperature-independent mechanisms.

Rolfe and Brown (1997) provided a comprehensivalyamns of the processes
that contribute to BMR. The major contributors (%¢7®f BMR) are ATP-consuming
processes such as W& -ATPase, protein and nucleotide synthesis, glucgeeesis,

Cd*-ATPase, actinomyosin ATPase, and ureagenesis.eftiier if BMR is actively
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reduced during hypometabolism, the activity of maofy these ATP-consuming
processes must also be inhibited. Indeed, therenisiderable evidence that many ATP-
consuming processes are suppressed during hypastistab N&/K*-ATPase is
suppressed in skeletal muscle (MacDonald and Stt89) and heart (Charnock et al.
1980) during hibernation in ground squirrels, anceiythrocytes of hibernating bears
(Chauhan et al. 2002). Moreover, protein synthissssippressed in brain of hibernating
ground squirrels (Frerichs et al. 1998) and livedwarf Siberian hamsters (Diaz et al.
2004). While active inhibition of each ATP-consugniprocess individually could be a
mechanism to suppress MR, mitochondrial ATP pradacalso has significant control
over all of these ATP-consuming processes (Butigarel Brand 1995), and so BMR
could also be reduced by inhibiting mitochondriallFA synthesis. In addition,
mitochondrial proton leak is responsible for ab@0®0 of BMR, and its reduction
during hypometabolism could also contribute to MRluction. To this end, in this
thesis, | examined mitochondrial respiration rades the activity of OxPhos during
hibernation and daily torpor (Chapter 2) and fapt{Chapter 4) in order to assess
whether and how mitochondrial metabolism is sug®és during periods of
hypometabolism.

In addition to generating ATP, mitochondria arsoathe principle site of
reactive oxygen species (ROS) production in mananatiells. A small proportion
(0.15-2%) of all oxygen consumed by mitochondriadgaverted into ROS (St. Pierre et
al. 2002; Masayasu et al. 2003), which are thotmhause oxidative damage to cellular
components like DNA, proteins, and phospholipidsd,ain this way, contribute to

aging and disease (Raha and Robinson 2000). Ssppyesiitochondrial respiration
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during hypometabolism may be beneficial in terms reflucing MR, but the
consequences of mitochondrial metabolic suppressiterms of ROS production have
not been well-studied. Mitochondrial metabolic siggsion could either simultaneously
reduce the rate at which ROS are produced by dgogealectron flux through the
mitochondria, or it could simultaneously increase tate at which ROS are produced
by interfering with efficient electron flow throughe mitochondria, thereby increasing
the reduction state of ROS-producing sites. To ,deile work has been done to
understand how changes in oxidative phosphorylatdiect mitochondrial ROS
production, particularly changes resulting from umat effectors, such as
hypometabolism, because most studies examine changROS production without
simultaneously evaluating oxidative phosphorylationthe present thesis, therefore, |
examined mitochondrial ROS production rates durdmigernation and daily torpor
(Chapter 3) and fasting (Chapter 4) in order toessshow mitochondrial ROS
production changes during hypometabolism, andKelihchanges in ROS production

during hypometabolism to changes in mitochondndiative phosphorylation.
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CHAPTER 2

Suppression of oxidative phosphorylation during hilernation and daily torpor

2.1 Introduction

On average, whole-animal oxygen consumption ipigsed during torpor by
70% and 90% compared to BMR in daily heterothermd laibernators, respectively
(Geiser 2004). Because torpor is usually expresset} below thermoneutrality, the
extent of suppression is even greater, up to 908®©8#0, respectively, when compared
to RMR (Geiser 2004). Given that mitochondrial @tide phosphorylation is
responsible for ~90% of whole-animal oxygen constionpand has considerable
control over cellular energy demands (Rolfe andvwBral997), it is reasonable to
predict that mitochondrial respiration rates frotriemst some tissues are significantly
reduced during torpor. Considerable data supp@thypothesis (Pehowich and Wang
1984; Fedotcheva et al. 1985; Gehnrich and ApfiB&8; Brustovetsky et al. 1989;
Martin et al. 1999; Barger et al. 2003; Muleme &t 2006; Gerson et al. 2008;
Armstrong and Staples 2010; Chung et al. 2011).tWdraains unresolved, however, is
the mechanism(s) by which this reduction of mitoutr@al respiration is achieved.
Because { typically declines during hibernation and dailypor to 5°C and 15°C,
respectively (Geiser 2004), mitochondrial respimatcan be reduced during torpor in
two ways: i) via active, regulated inhibition oftoghondrial OxPhos; or ii) via passive

thermal effects as plfalls. Whether, and to what extent, these two rapdms
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contribute to the reduction of mitochondrial reapon during torpor remains poorly
understood; therefore, it is the focus of this ¢eapf my thesis.

Whether active, regulated inhibition of mitochaal respiration occurs during
torpor can be established by isolating mitochondiien animals during periods of
euthermia and torpor, and measuring respiratiopsratf these mitochondria at a
common temperature (37°C). Any differences in megn rates measured at 37°C
between torpid and euthermic mitochondria cannattréuted to passive, temperature
effects and must result from active, regulatedhiioin of OxPhos. Such inhibition of
OxPhos in mitochondria from torpid animals does pwgclude the possibility that
passive thermal effects also contribute to mitochiah metabolic suppression during
torpor. The contribution of passive thermal effectn be assessed by measuring
respiration rates of mitochondria from torpid anisnat temperatures below 37°C,
preferably temperatures reflecting the range peXperienced during torpor. By also
examining passive thermal effects in euthermic aismt can be determined whether
mitochondria from torpid animals are more tempemsensitive than those from
euthermic animals—which would augment the impacmof passive thermal effects—
and whether active, regulated suppression playsl@ in reducing mitochondrial
respiration at all temperatures.

A number of previous studies have shown that rhidodrial respiration rate is
actively suppressed during torpor in liver mitoctioa, although this suppression may
depend on dietary fatty acid composition (Gersoralet2008). When fed standard
rodent diets, liver mitochondrial state 3 respgatirate measured at 37°C was

suppressed by 38-83% during torpor in several speaf ground squirrels, including
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thirteen-lined ground squirrels (Gehnrich and April988; Muleme et al. 2006; Gerson
et al. 2008; Armstrong and Staples 2010; Chund) 2041) and Arctic ground squirrels
(Barger et al. 2003), compared to euthermic anirfvalteether summer active, interbout
euthermic, or cold-acclimated non-hibernating aténaState 3 liver mitochondrial

respiration rate was also up to 70% lower when oreasat 37°C during bouts of
spontaneous daily torpor in dwarf Siberian hamsterapared to short-day acclimated
euthermic controls (Brown et al. 2007). State 4dimnitochondrial respiration rate may
also be suppressed by 18-75% in torpid comparedutbermic hibernators when
measured at 37°C (Pehowich and Wang 1984; Bargex.e2003; Armstrong and

Staples 2010), though no such suppression is seesome studies of hibernators
(Gerson et al. 2008) and daily heterotherms (Bretal. 2007).

Few studies have considered the effect of temyperain liver mitochondrial
respiration rate in torpid animals, or, for thattteg in mammals in general (Dufour et
al. 1996). Martin et al. (1999), Fedotcheva e{H85), and Brustovetsky et al. (1989)
measured state 3 respiration at 25°C, 26°C, an@ 2i€spectively, in isolated liver
mitochondria from ground squirrels. All three seslshowed significant suppression of
respiration rates (by 42-75%) during torpor, sugggs that active, regulated
mitochondrial metabolic suppression can also bemies at temperatures between 25°
and 37°C. Muleme et al. (2006) found active supgoes of torpid mitochondrial
respiration measured in vitro at 37°C but not atQ@®r 5°C. Similarly, in dwarf
Siberian hamsters, Brown et al. (2007) showed ntiveacsuppression of liver
mitochondria at 15°C, though it had been observe@74C. Taken together, these

studies suggest that active, regulated inhibitomost important at high temperatures
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(e.g., during entrance into torpor) and passiventiaé effects are most important at low
temperatures (e.g., during steady-state torpor).

The first objective of this thesis, therefore, whasgo-fold. First, to my
knowledge, only a single study of mitochondrialpiegtion in daily heterotherms has
ever been conducted. Therefore, | wanted to determihether liver mitochondrial
state 3 and 4 respiration rates are actively sggpre during fasting-induced daily
torpor in several laboratory strains of midéys musculusat physiologically-relevant
temperatures. Mice provide a useful comparative ehdecause they undergo daily
torpor in response to fasting (Hudson and ScotB),9%hereas the previously-studied
daily heterotherm, dwarf Siberian hamstePhd@dopus sungoris undergoes torpor
spontaneously when acclimated to short photoperieden when fed ad libitum
(Heldmaier and Steinlechner 1981; Brown et al. 208écond, although Muleme et al.
(2006) conducted a thorough examination of tempesaeffects on mitochondrial
respiration in ground squirrels, they used sumnativa animals as their euthermic
control and, therefore, did not control for seasasféects. In the present thesis, |
measured state 3 and 4 respiration rates at pbgstally-relevant temperatures for
liver mitochondria from torpid and interbout eutiméz ground squirrels, eliminating
any such seasonal effects.

Most previous work on changes in mitochondriapiegion during torpor has
used mitochondria isolated from the liver becaadthough it accounts for only 6% of
body mass in small mammals (Else and Hulbert 19%8inarzewski and Diamond
1995), the liver is responsible for up to 12% ofolghanimal oxygen consumption,

making it one of the largest contributors to BMRa{tih and Fuhrman 1955). The liver
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may also contribute to non-shivering thermogenéStener 1973), and so may be a
quite significant contributor to RMR as well. Hovesy observations made in liver
mitochondria are often extrapolated to all othessues even though there is no
compelling evidence that mitochondria from othesties are suppressed. No studies
have examined mitochondrial respiration in tisswdiser than liver in any daily
heterotherm, but a few studies have examined notwdtial respiration in skeletal
muscle (Barger et al. 2003; Muleme et al. 2006) laeat (South 1960) of hibernators.
These studies showed no active suppression of hatairial respiration during torpor,
and, in fact, an increased oxidative capacity giitbheart mitochondria; however, they
all used non-hibernating animals (summer activeotd-acclimated non-hibernators) as
controls and, therefore, did not control for thenfounding influences of seasonal
and/or metabolic effects. Therefore, the seconeativie of the present study was to
measure respiration rates at physiologically-redéva@mperatures in skeletal muscle
mitochondria of hibernating ground squirrels duriagpor and interbout euthermia, and
heart of short photoperiod-acclimated dwarf Sibedaring torpor and euthermia.

On their own, measurements of mitochondrial regjgin rate provide only
limited information about the mechanisms by whithes active suppression or passive
thermal effects might reduce oxidative capacity iryr torpor. To elucidate
mechanisms, one of two different approaches caak®sn. The first, so-called “bottom-
up”, approach compares rates of individual enzyatetgzed steps of mitochondrial
OxPhos between euthermic and torpid animals. Tppsaach has been used previously
to show that pyruvate dehydrogenase (PDH) is censlidy suppressed during torpor in

hibernators (Storey 1997) and daily heterothermadiaier et al. 1999), for example.
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While useful, there are several limitations to thettom-up” approach. First, enzyme
activities are measured under optimal rather thdmysiplogical conditions, so
extrapolation to in vivo conditions can be speduéatSecond, the rates of individual
reactions are measured in homogenized tissue ptépas, which disrupts the IMM
and other cellular structures. Therefore, theria¥,,, which can stimulate or depress
reactions that contribute to its production andscwnption, respectively, and enzymes
are separated from their phospholipid membraneremvient, the composition of
which is known to influence the activity of some mi@ane-bound proteins (Wu et al.
2001; 2004). Finally, changes in the rate of phggjcal processes among metabolic
states may be regulated by changes in subcelligé&ribdition of particular enzymes
rather than any inherent change in their actiwatg,( Suozzi et al. 2009), and this would
not be detected using the “bottom-up” approachaséellular fractionation techniques
were simultaneously employed.

In the present study, | chose to utilize a différapproach—a so-called “top-
down” approach—which groups the individual reactionf OxPhos into three
components—substrate oxidation, ADP phosphorylatama proton leakiness—which
are all interrelated via\P (see Chapter 1 for a complete review of the topn”
approach). Subsequently, the kinetics of eacheddltomponents can be measured and
compared among metabolic states and assay temmsafAside from circumventing
the disadvantages of the “bottom-up” approach,“the-down” approach also permits
the determination of how mitochondrial respiratisrcontrolled and the extent to which
each component contributes to any change in mitodfal respiration among states.

This provides another advantage over the “bottoinapproach because demonstrating
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suppression of a particular enzyme reaction dutorgor does not simultaneously
demonstrate whether that suppression actually ibomds to lower rates of
mitochondrial respiration observed.

The “top-down” approach has been used extensit@lyletermine sites of
inhibition of mitochondrial metabolism by severalffeetors (e.g., ethanol,
Marcinkeviciute et al. 2000; calcium, Kavanaugh at 2000; thyroid hormone,
Lombardi et al. 1998) for more than a decade, bwt $tudies have used this approach
to determine the sites of inhibition of mitochomdrimetabolism during torpor in
hibernation (Barger et al, 2003; Gerson et al..8@0 daily torpor (Brown et al., 2007).
At the same time, to my knowledge, few studies hased top-down elasticity analysis
to examine temperature effects on OxPhos (Dufoualefl996; Chamberlain 2004,
Brown et al. 2007), and only one of these studiesrgned a heterothermic mammal
(Brown et al. 2007). Moreover, although Brown et @007) examined all three
components of OxPhos in their study of daily torpor hamsters, neither study
conducted using hibernators examined all three oomapts. Therefore, the third
objective of this thesis was to use the “top-dowapproach to comprehensively
determine the pattern of control of OxPhos in letearmic mammals, the mechanisms
responsible for active mitochondrial metabolic s@ggion during torpor in thirteen-
lined ground squirrels and mice, as well as theot$f on temperature on OxPhos in
these same species, and whether temperature effec®xPhos differ between torpid
and euthermic animals. This objective was undentgke both ground squirrels and
mice using liver mitochondria, where patterns oftabelic suppression are well-

established.
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2.2 Experimental Procedures

2.2.1 Animals. This project was approved by the local Animal Use
Subcommittee (Appendix B) and conformed to the elings of the Canadian Council
on Animal Care. Thirteen-lined ground squirrelstilomys tridecemlineatyiswere
either live-trapped in Carman, Manitoba, Canada’3@WN, 98°01"W)or bred in
captivity according to established protocols (Vaamgtet al. 2006). Both males and
females were used. Animals were housed individuallplastic cages (26.7 x 48.3 x
20.3 cm) and provided with corn-cob bedding, paperel (for nest building), and a
transparent red polycarbonate tube (for enrichm@nt; 15cm; BioServ, Frenchtown
NJ). Summer active animals were housed from ApriDttober at 22°C + 3°C with
photoperiod adjusted weekly to match that of Carnvamitoba. Food (Lab Diet 5P00)
and tap water were provided ad libitum, and sunéloseeds (~10) were provided three
times per week. In June, all animals underwentisargrocedures for radiotelemeter
implants (see section 2.2.2). Summer active aninval® acclimated to the conditions
described above for at least 12 weeks prior togosampled in August. Body mass was
measured weekly throughout the summer, as welltathea time of sampling. In
October, animals began to hibernate, even undeettimmer” conditions, and were
moved to an environmental chamber and maintaindd@tt 2 on a 2 h light/22 h dark
photoperiod (lights on at 8n00 EST). | providedevatd libitum, but food was removed
after one week of uninterrupted torpor. Torpid amrbout euthermic animals were
sampled throughout January and February. Torpichasiwere sampled when, Tiad
been at or below 5°C for at least 72 hours, andrlut euthermic animals were

sampled when g'had been 37°C + 1 for at least 3 ho®sdy mass was not measured
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throughout the hibernation season but only at thee tof sampling. All summer,
interbout euthermic, and torpid animals were sathplethe same time of day (8h00-
10h00 EST).

Three strains (Balb/c, CD1, and C57) of femaleseomice Kus musculus
were examined in this study. Animals from all steawere obtained from Charles River
Laboratories (Saint-Constant, Quebec, Canada). &sirwere 2-3 months old upon
arrival, and were housed individually in plastigesa (30 x 12 x 12 cm) filled with Beta
Chips (for bedding) and two, 2-inch nesting squavdsch they readily converted to
nests. Animals were housed at 20 + 1°C, 12 h ighti dark and were provided with
food and tap water ad libitum. Balb/c and CD1 miaze split into two diet groups: one
group was fed standard rodent chow (Prolab RMH 3RU0), and the other group was
fed a high-linoleic acid diet (5.5 mg*gliet, TestDiets; Gerson et al. 2008) to assess
diet effects on mitochondrial metabolism duringptar Diet had no significant effect
on any parameter examined in this study, and dat® the two diet groups were
combined. C57 mice were only fed standard rodewotnctollowing recovery from
surgical procedures to implant radiotelemeters §setion 2.2.2), euthermic and torpid
animals were sampled randomly over a three montltogheTwo hours prior to the
onset of darkness, animals were transferred fram tages to a Plexiglas chamber for
simultaneous measurement of MR angd(3ee section 2.2.2). Water was provided ad
libitum, but there was no food in the chamber bseatorpor in mice is induced via
fasting (Hudson and Scott 1979). In our study, wesaered animals torpid when T
had been less than 31°C for at least 30 consecuiinetes, based on previous criteria

(Dark et al. 1994; Brown et al. 2007), anglWas not increasing, to ensure that animals
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arousing from torpor were not sampled in this studyimals were considered
euthermic when J'had been greater than 31°C for at least 30 cotigeamninutes, and
Ty was not declining. Daily torpor usually occurrex the first time about 12 hours
after food was removed, and then occurred agaiar2#48 hours after the first bout.
Fasting was never permitted to exceed 72 hoursrdedoimals were refed. Torpid
animals used in this study were sampled duringrpotobout on the second day of
fasting, allowing sufficient time for them to adjuto the respirometry chamber.
Euthermic controls were sampled following spontarsearousal from this second
torpor bout, without being refed.

Male hamsters Rhodopus sungoriisl month old, were obtained from Dr.
Katherine Wynne-Edwards (Queen’s University, KingstOntario, Canada). Animals
inhabited plastic cages (30cm x 18 x 13) filledhnlitedding and nesting material, and
were maintained at 15 = 1°C initially on a 14-h@otoperiod, which was gradually
(15 min day’) reduced to 8 hours to induce spontaneous dailyoto All hamsters
responded to the short-photoperiod acclimationevadenced by a change in pelage
colour, characteristic in this species (Hoffman73)9 Hamsters consumed a modified
rodent chow containing 5.5 mg linoleic acid diet (Gerson et al. 2008), as diets high
in polyunsaturated fatty acids are preferred wheimals are held at this ambient
temperature (Hiebert et al. 2000; 2003). Hamsteesevsupplied with food and tap
water ad libitum throughout the experiment, anghdoroccurred spontaneously over a
five month period. Torpor and euthermia were detegch according to the definitions
above. Torpid and euthermic animals were sampleitheatsame time of day (9h00-

11h00 EST).



47

2.2.2 Measurements of whole-animal oxygen consomptand body
temperature.Flow-through respirometry was used to measure waoimal oxygen
consumption in ground squirrels and mice. Oxygemsamption was not measured in
hamsters. Animals were placed in airtight 6L Ple&asgontainers with bedding, nesting
material, tap water and food (where applicable). #drubbed of water vapor was
pumped through the container at approximately Ir8h” (summer active squirrels),
400mL miri* (hibernating squirrels), and 200 mL rifmice). Precise flow rates were
measured by a mass flow meter (model 245, Qubite8ys Kingston, Ontario,
Canada). Expired gas was subsampled at 150mL},rsitrubbed of water vapor, and
the oxygen content was determined by a galvanioggben meter (model S102, Qubit
Systems).

Body temperature was measured using radiotelemiagiotelemeters (model
TA-F20, Data Sciences International, Arden Hills, NM were implanted
intraperitoneally under isofluorane anesthesia.tdpesative analgesia (subcutaneous
buprenorphrine, 0.03mg rifi.0.1mL 100g) was administered twice daily for 3 days.
Tp was recorded every 4-5 min using telemetry recsiymodels RA1010 and RPC-1,
Data Sciences International) with data acquisisofiware and hardware (Dataquest
ART, Data Sciences International).

2.2.3 Mitochondrial isolationFor all species, torpid animals were killed by
cervical dislocation to prevent arousal, whereathemic animals were killed by
anaesthetic overdose (Euthanyl, 270 mg™mD.2 mL 100 @, intraperitoneal), as
required by animal care protocols. Euthanyl hasnb&fgown to have no effects on

mitochondrial metabolism (Takaki et al. 1997).
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Liver mitochondria were isolated from mice using@cedure that yields a
crude mitochondrial pellet. A pure mitochondriallgiecould not be obtained because
mitochondrial yield is low in mice because of th&mnall liver size (~1g). The liver was
rinsed with ice-cold liver homogenization buffer HB: 250mM sucrose, 10mM
HEPES, 1mM EGTA, pH 7.4 at 4°C) containing 1% fa#yid-free bovine serum
albumin (BSA) and then cut into small pieces oniité HB and homogenized using
three passes of a loose-fitting Teflon pestle &@rf® in a 30mL glass mortar. The
homogenate was filtered through one layer of cleegeand centrifuged at 1000g for
10 min at 4°C in polycarbonate centrifuge tubetoating lipid was aspirated from the
supernatant, which was then filtered through feyets of cheesecloth and centrifuged
again at 1000g for 10 min at 4°C. Once again, ithgatipid was aspirated from the
supernatant and filtered through four layers ofeseeloth; then, the supernatant was
centrifuged at 8700g for 10 min at 4°C. The supeamta adhering lipid, and the light
pellet fraction were removed as much as possilblee dark pellet was resuspended in
30mL LHB and centrifuged at 87009 for 10 min at 4°Che supernatant and adhering
lipid were removed again, and the final pellet wasuspended in 500 of ice-cold
LHB and kept on ice until assayed.

For ground squirrels, a crude mitochondrial pelless obtained first using the
same procedure described above. This crude mitdciabisuspension was then layered
on top of a Percoll gradient containing 10mL eath® 18, 30, and 70% Percoll (made
in LHB) and centrifuged at 13,59@or 35 min at 4°C. Mitochondria accumulated at the
boundary between the 30% and 70% layers, were rethand resuspended in LHB

without BSA, and centrifuged at 87@0for 10 min at 4°C to remove residual Percoll.
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The mitochondrial pellet was resuspended againHB without BSA and centrifuged
again in the same way. This purification procedemoves 85-96% of contamination
from endoplasmic reticulum, peroxisomes, plasma bmane, and lysosomes, as
determined through marker enzyme activity, from niieochondrial pellet (Armstrong
et al. 2010).

Skeletal muscle mitochondria from ground squirrelsre isolated using a
protocol that yields a crude mitochondrial pelBhéttacharya et al. 1991) followed by
purification of this pellet (Yoshida et al. 200Hollowing euthanasia, muscle tissue
from both hind-limbs was excised and washed in cume- skeletal muscle
homogenization buffer (MHB; 100mM sucrose, 10mM BEDTL00mM Tris-HCI,
46mM KCI, pH 7.4 at 37°C). Fat, connective tissuerves and hair were removed. The
remaining muscle tissue was decanted and suspeand@dvolumes of MHB with
protease (fromBacillus licheniformis Sigma, 5 mg § wet muscle mass) while
continuing to mince with fine scissors. Followingriinutes of incubation and mincing,
muscle tissue was homogenized with a loose-fitliejjon pestle in a glass mortar
(three double passes). The muscle tissue suspema®imcubated on ice for 5 minutes,
followed by further homogenization with a tighttifitg Teflon pestle and glass mortar
(three double passes). This suspension was filthredigh cheesecloth and centrifuged
at 2000g for 10 min at 4°C. The supernatant wasddeered through cheesecloth and
centrifuged at 10,0009 for 10 min at 4°C. The remmag pellet was suspended in 5mL
MHB with BSA (0.5%) and centrifuged again at 10,§@0r 10 min at 4°C. This pellet
was then suspended in MHB yielding a raw musclechibndrial suspension, which

was purified via Percoll density gradient centrdtign. The raw mitochondrial
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suspension was layered on top of a 60% Percolltisnlumade in MHB) and
centrifuged at 21,0@pfor 1 h at 4°C. Purified muscle mitochondria acalated at the
boundary between the MHB and 60% Percoll solutiord avere removed and
suspended in MHB. In order to remove residual Rerttis solution was centrifuged at
21,00@ for 10 min a&4°C.

Heart mitochondria were isolated from hamstersngisihe same protocol
described above for liver mitochondria from mice,thwthe following two
modifications. First, heart homogenization buffétHB: 220mM mannitol, 70mM
sucrose, 1mM EDTA, 10mM Tris-Cl, pH 7.4 at 4°C) weed instead of LHB. Second,
following homogenization with the loose-fitting ples 1Qug of protease (fromBacillus
licheniformig was added, and the homogenate was incubated eorforc5 min.
Subsequently, the homogenate was re-homogenizad tisiee passes of a tight-fitting
pestle before the first centrifugation, which wdme tsame as described for liver
mitochondria isolation for mice.

2.2.4 Mitochondrial respiration rate, membrane guial, and kinetics of
oxidative phosphorylation in mice and hamsténsmice and hamsters, mitochondrial
respiration rates were measured using temperatureetled polarographic Ometers
(Dual Digital Model 20, Rank Brothers, BottishamK)un 2mL (glutamate oxidation)
or 3mL (proton leak and ADP phosphorylation kingtiof assay buffer (225mM
sucrose, 20mM HEPES, 10mM KPIO,, 1% BSA, pH 7.4 at 37°C). Lelectrodes
were calibrated to air-saturated buffer using €Contents previously reported
(Reynafarje et al. 1985), corrected for local atphesic pressure. Unless otherwise

stated, all compounds used were dissolved in ads#fer. In all cases, the
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concentrations provided are the final concentratiohthe compounds in the chamber
of the oxygen electrodes during measurements pireg®on rate.

For measurements of glutamate oxidation, mitochandiere added to the
chamber of the © meter, and glutamate (5mM) and malate (1mM) wedded
thereafter, followed by ADP (0.1mM). The additioh ADP brought about state 3
respiration rate. Oligomycin (1@ mL”, dissolved in ethanol) was added to inhibit
ATP synthase, approximating state 4 respiration.

In mice and hamsters, both proton leak and ADPsphorylation kinetics were
measured using succinate to fuel respiration. Stated 4 respiration rates for succinate
oxidation were taken from these curves rather tim@asured separately. Proton leak
and ADP phosphorylation kinetics require simultareeaneasurements of oxygen
consumption and\P, which is the sum oAY¥, and ApH. | measuredA¥, as an
approximation oAP. In some other studies (e.g, Barger et al. 2008&ricin has been
added to collaps@pH so thatAP is fully expressed asY¥, however, in the current
study, nigericin was not used. This is approprifitghanges in the mitochondrial pH
gradient ApH) are negligible, which has been demonstrated rfammalian
mitochondria in other studies (Dufour et al. 1989Brcinkeviciute et al. 2000).

To measure proton leak kinetics, rotenongg(nL?, dissolved in ethanol) was
added to inhibit complex I, and oligomycin (PmL™, dissolved in ethanol) was added
to inhibit ATP synthase (i.e., to inhibit the phbspylation component of OxPhos). To
measureA¥,, we used tetraphenylphosphonium (TR lipophilic cation, whose
uptake by mitochondria i\¥-dependent (Kamo et al. 1979). A TPslective

electrode (World Precision Instruments, Sarasofawds inserted into the &lectrode
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chamber to measure external [TPP The TPP electrode was calibrated by making
five additions of TPP. each addition increased external [TPBy 1uM, and the final
total [TPP] was uM. Once calibrated, mitochondria (~1.0mg proteiatC; ~1.3mg
protein at 15°C) were added to the chamber. Sufesly, succinate (6mM) was added
to stimulate state 4 respiration. The kinetics obtgn leak were determined by
inhibiting substrate oxidation stepwise by addinglonate (5 additions, each of which
increased the concentration of malonate by 0.5mthénassay buffer) and measuring
the effect onAY, (see section 1.2.4 for theoretical details). Attez final malonate
addition, carbonyl cyanide chlorophenylhydrazoneCQ@P; 0.LM, dissolved in
ethanol) was added to completely uncouple the indodria and allow for correction of
electrode drift.

A¥,, was calculated from the external [TPBsing a modified Nernst equation

(Equation 2-1) , as in Barger et al. (2003):

([Tpp+]added_ [Tpp]extema)(b)
AY, = alog

(v)(mg protein)([TPPlexierna)
(Equation 2-1).

In Equation 2-1a is a temperature-dependent coefficient(2.3RT/F, where R
is the universal gas constant, T is absolute teatpes, and F is the Faraday constant),
is a binding constant used to correct for non-djgebinding of TPP, andv is the
mitochondrial matrix volume. The value bfwas 0.16 (Lombardi et al. 1998) and the
value ofv was 0.001mL mi§ protein (Halestrap 1989), both of which were deiaed

for rat liver mitochondria. Although I did not deteine whether mitochondrial volume
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changes with metabolic state and/or temperatueeetiect of changes in mitochondrial
volume is negligible when TPRs used (Rottenberg 1984). It is also assumednibrat
specific binding of TPPdoes not change with temperature.

For determination of the kinetics of ADP phosphatigin, oxygen consumption
and A¥,, were again measured simultaneously. Rotenopg (aL*, dissolved in
ethanol) was added to inhibit complexAV,, was measured as described for proton
leak kinetics, above. Once the TRfectrode was calibrated, mitochondria were added
to a final concentration of ~0.7mg protein thfor 37°C and ~1.0mg protein rifLfor
15°C. Succinate (6mM) and ADP (1mM) were addedtimulate state 3 respiration;
this concentration of ADP was sufficient to suppsigte 3 respiration for the period of
time required to complete the required measurememtse kinetics of ADP
phosphorylation were determined by inhibiting stdist oxidation stepwise by adding
malonate (5 additions to 0.33mM each in assay)erAfine final malonate addition,
CCCP (0.1uM) was added to allow for correctionlettode drift.

Both proton leakiness and ADP phosphorylation kisedata were fitted to a 3-
parameter exponential curve using SigmaPlot 20@kcaBse some small amount of
proton leak contributes to state 3 respiration,gaxyconsumption values for the ADP
phosphorylation curves were corrected by calcujapnoton leak-dependent oxygen
consumption at alN¥y, values. The kinetics of the substrate oxidatiomponent were
not measured directly. Instead, they were represey the straight line that connects
the uninhibited state 3 (from the phosphorylatiorekics) and uninhibited state 4 (from

the proton leak kinetics) measurements, as in Baaigal. (2003).
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2.2.5 Mitochondrial respiration rate, membrane pudtal, and kinetics of
oxidative phosphorylation in ground squirreltn ground squirrels, mitochondrial
respiration rates and membrane potentials were uregsusing a high-resolution
respirometer equipped with a TR&lective electrode and a MI-401 micro-reference
electrode (O2k-MiPNetAnalyzer, Oroboros, Innsbruéiystria). Oxygen electrodes
were calibrated to air-saturated buffer and oxydepleted buffer (obtained by addition
of yeast suspension) using published oxygen sdatiglsil(Forstner and Gnaiger 1983),
corrected for local atmospheric pressure.

Unless otherwise noted, all compounds were dissblin MIR05 buffer
(120mM sucrose, 0.5mM EGTA, 3mM MgCl60mM K-lactobionate, 20mM taurine,
10mM KH,PQ,, 20mM HEPES, pH 7.1 at 30°C, 1% BSA), and the eatrations
provided are the final concentrations of the conmaisuin the chamber of the oxygen
electrode during respiration rate measurements. dgtotamate-fueled respiration,
mitochondria were added to 2mL of MiRO5 buffer dipuated to 37°C, 25°C, or 10°C.
Glutamate (10mM) and malate (2mM) were subsequeadiyed, followed by ADP
(0.2mM) to stimulate state 3 respiration. Stategpiration was subsequently estimated
by adding oligomycin (10g mL™, dissolved in ethanol).

State 3 and 4 respiration rates for succinateetletspiration were taken from
ADP phosphorylation and proton leak Kkinetic curvesgspectively. ADP
phosphorylation, proton leak, and substrate oxitatkinetics were measured as
described above, except for the following changes. TPP electrode calibration, the
first addition increased TPRoncentration in the chamber taM, and each subsequent

addition increased TPPconcentration by OM. The final concentration in the
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chamber was @M. 10mM succinate was used for both ADP phosphtiofaand
proton leak kinetics, and 2mM ADP was used to dtieustate 3 respiration for
determination of ADP phosphorylation kinetics. Effe of compounds used on TPP
concentration readings in the absence of mitochands well as dilution effects caused
by addition of compounds, were determined, andnatasurements of TPRwvere
corrected for these effect8¥,, was calculated from TPRoncentration via a modified

Nernst equation from Labajova et al. (2006):

VO [Tpp]addeJ[TPPJr]external_ Vt - Ko(mg protein)
AY,, = alog

v(mg protein) +K (Equation 2-2).

In Equation 2-2, a, [TPPagded [TPPexternar,and v are the same as described in
section 2.2.4; Yand Vf are the amount of assay buffer in the chambemrbeind after
addition of mitochondria, respectively; and Knd K are partition coefficients that
reflect the passive distribution of TPPProton leakiness and ADP phosphorylation
curves were fitted as described in section 2.21d, ADP phosphorylation curves were
corrected for the contribution of proton leak.

2.2.6Data analysisAll values presented are means + SEM. Differencesate
3 and 4 respiration were analyzed separately fon §asue and species using a general
linear model (SAS 9.2) that examined the effectnmadtabolic state (euthermic vs.
torpid), assay temperature, and strain (for miaayl their interactions. Non-significant
interactions were dropped from all models. Correfet between respiration rate and T

at sampling (in mice) were also analyzed usingreeg® linear model. Both linear and
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guadratic correlations were examined, and a quadmaationship was fitted when it
was significant.

Differences in ADP phosphorylation, proton leakd aubstrate oxidation curves
between metabolic states and assay temperatures avealyzed using a custom-
designed algorithm in Excel 2003 (see Appendix @yerall control coefficients and
integrated elasticity values were calculated frdra tmean values of mitochondrial
respiration rate and¥,, from these kinetic curves according to equationslafner et
al. (1990) and Ainscow and Brand (1999; see alspefgix A). In this way, these
values reflect data from a number of individualsrethough no measure of variability

was derived.

2.3 Results

2.3.1 Changes in whole-animal parameters duringdo Thirteen-lined ground
squirrels underwent considerable changes in bodssmig and MR over the course of
the year. In spring, the body mass of ground sejsimsed in this study was 228.7 g £
5.1 (n=21). Body mass increased over the summerpgriate August, when summer
active animals were sampled, body mass had inadasd5% and reached its plateau
(264.8g = 18.4; n=8). Body mass subsequently dedliover the late fall and early
winter, while animals were hibernating, and by dagwnd February, when torpid and
interbout euthermic animals were sampled, body rhasisdeclined by nearly half of
the maximal summer value (146.0g * 6.67; n=13). @emactive animals had a body
temperature of 36.0°C + 1.0 (n=8) and an average dfiR.4 mL Q g* h' (n=2).

Hibernating animals showed a typical pattern ofnges in T and MR over the
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hibernation season (Figure 1-1B). During torpay,ahd MR were quite low (3'€ +
0.11, n=8; and 0.21 mLQy* h™ + 0.03, n=4; respectively), whereas during inteitbo
euthermia, ¥ returned to levels not different from summer astanimals (37.1°C +
0.94; n=5), while MR was, on average, 4.43 mi. ¢ h* + 1.5 (n=4), nearly 5-fold
higher than summer active levels.

A preliminary experiment with Balb/c mice, in whicT, but not MR was
monitored, was carried out to characterize fastnugced daily torpor in mice. Over a
72-hour fasting period, mice typically underwenteoor two torpor bouts each day
(Figure 1-3A) and spent nearly 40% of their timearpor (T, < 31°C). Torpor bouts
typically began during the late part of the scottgeh(active phase for these nocturnal
mice) and terminated during the early part of ti®tpphase. Average bout length
duration was 5.6 h £ 0.4 (n=16), with no boutsifasionger than 8 hours. Animals
from three different mouse strains (Balb/c, CD1/C%ere sampled for mitochondrial
isolation studies. Over the ~40-hour fasting penrsed to induce torpor bouts, body
mass declined by 18% in all strains, predominaoiigr the first 24 hours. At sampling,
in all three strains, glwas 36.2°C + 0.51 and 25.5°C + 0.75, and MR wak 8mg”* h
1+ 0.39 and 1.15mL ©g* h' +0.22, for euthermic (n=20) and torpid (n=23inaais,
respectively (Figure 1-3B).

Hamsters underwent torpor spontaneously (Figu2g T-orpor bouts generally
started just as the photophase (the resting pdéoothese nocturnal hamsters) began
and terminated before the scotophase began. Atntleeof sampling, § was 36.1°C +
0.09 and 24.4°C £ 0.38 in euthermic (n=3) and thipi=3) animals, respectively. In

addition, there was a significant difference in yathss at sampling between euthermic
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(35.2g £ 1.6) and torpid (26.5g = 0.48) animalsysistent with previous work in this
species (Brown et al. 2007). Whether this reflectshronic difference in body mass
throughout the period of acclimation to short dégdween animals that underwent
torpor and animals that did not, or whether iteeft a decline in body mass that is
closely associated with the expression torpor,nknown since body mass was only
measured at sampling.

2.3.2 Liver mitochondrial respiration rate duringblernation and daily torpor.
In thirteen-lined ground squirrels, state 3 and Woohondrial respiration rate with
glutamate did not differ between torpor and intetbeuthermia (Figure 2-1A); by
contrast, with succinate, state 3 and 4 respirataie were 70% and 25% lower,
respectively, in torpid animals than interboutheninic animals (Figure 2-1B). In mice,
state 3 respiration with glutamate was lower ipiranimals compared to euthermic
animals in CD1 and C57 mice by 34% and 33%, respmdygt but not Balb/c mice;
however, state 4 respiration did not differ betweestabolic states in any strain (Figure
2-2A-C). With succinate, on the other hand, whilates 4 respiration did not differ
among metabolic states in any strain, state 3 nagmn rate was 35% and 22% lower
during torpor than interbout euthermia in Balb/d &57 mice, respectively, but was
actually 17% higher in CD1 mice during torpor (ig 2-2D-F).

Mice were sampled either when euthermic or tomudording to established
criteria (see Experimental Procedures, sectior2p.hotwithstanding, the steady-state
Ty of euthermic animals at the time of sampling rahffem 33.9°C to 37.6°C, while
that of torpid animals ranged from 21.5°C to 30.538nilar variation in MR, which

correlated with § (data not shown; euthermié:= 0.34, P = 0.03; torpid®~ 0.30, P =
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Figure 2-1. Liver mitochondrial respiration rate measured at 37°C during
hibernation in thirteen-lined ground squirrels. Respiration fueled by glutamate (A)
or succinate (B) was measured during torpor anetbiout euthermia. Black and grey
bars represent state 3 and 4 respiration rategectgely. **, P < 0.01;*, P < 0.05
compared to interbout euthermia. Data shown arenntfe&EM. N=5 for interbout

euthermia, N=8 for torpor.



60

Balb/c CD1 C57
70

60 -

50 A

40 A 1 t 1 ;
30 A 1 1
20 A 1 1
10 - 1 1
NM NM
0 ; ; ; ; . .

Euthermic Torpid Euthermic Torpid Euthermic Torpid

Mitochondrial Respiration Rate
(nmol O, min* mg* protein)

200
F

150 ] | 1

100 A ** 4 i

50 I 1 1

| ' I il I [l I

Euthermic Torpid Euthermic Torpid Euthermic Torpid

Mitochondrial Respiration Rate
(nmol O, min’* mg-1 protein)
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0.03), was observed. There was no effect phffsampling on state 4 respiration rate
regardless of substrate (data not shown), andrgatedriven state 3 respiration tended
to decrease as, Heclined in euthermic animals, but this was natistically significant
(Figure 2-3A). With succinate, however, the catien between J and state 3
respiration rate was positive and linear for eutfieranimals, such that mitochondrial
respiration declined with pI(Figure 2-3B). During torpor, glutamate-drivenpieation
was negatively correlated with,, Tsuch that respiration rate was lowest in animals
sampled when gr'was relatively high (Figure 2-3C). For torpid aais) on the other
hand, in the two strains of mice in which succinat@&ation was suppressed (Balb/c
and C57), the correlation was quadratic, and mdadnal respiration rate was lowest
in animals with | near 25°C at sampling (Figure 2-3D).

2.3.3 Effects of assay temperature on liver rhibocrial respiration ratesin
ground squirrels, while state 3 respiration rat¢hvglutamate did not differ among
metabolic states at 37°C, it was 57% and 64% |laweorpid animals than interbout
euthermic animals at 25°C and 10°C, respectivelgufié 2-4A). On the other hand,
state 4 respiration rate did not differ between aielic states regardless of assay
temperature (Figure 2-4B). With succinate, statee§piration, which was lower in
torpid animals by 70% at 37°C, was also 77% lowetorpid animals at 25°C but did
not differ among metabolic states at 10°C (Figu#C}. On the other hand, state 4
respiration rate was 20-40% lower in torpid animedgardless of the temperature
(Figure 2-4D).In Balb/c mice, with succinate, while state 3 resfon rate was lower
in torpid animals than euthermic animals at 37t@as not lower in torpid animals at

15°C (Figure 2-5A). By contrast, state 4 respiratiate did not differ among metabolic
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states regardless of the assay temperature (F&3GB). | did not measure respiration
rate with glutamate at any temperature other th@ahC3 and | did not measure
respiration rates in either CD1 or C57 mice at 13Aoth ground squirrels and Balb/c
mice, respiration rates declined with temperatinig. the most part, the temperature-
sensitivity of mitochondrial respiration, as infdr from Qo values, did not differ
among metabolic states (data not shown).

2.3.4 Changes in mitochondrial respiration durirggor in skeletal muscle and
heart. Skeletal muscle mitochondrial respiration was mess in torpid and interbout
euthermic ground squirrels. When measured at 38tate 3 respiration rate with
glutamate did not differ between metabolic stales,state 4 respiration rate was 60%
higher in torpid animals compared to interbout euthic animals (Figure 2-6A). On the
other hand, with succinate, state 4 respiratioe catl not differ between metabolic
states, but state 3 respiration rate was 32% laweorpid animals than interbout
euthermic controls (Figure 2-6BFor mitochondria from both torpid and interbout
euthermic animals, a drop in assay temperature 83@PC to 5°C led to a decline in
state 3 and 4 respiration rates up to 92% and @88pectively, with both respiratory
substrates. With glutamate, state 3 respiratioa dad not differ between metabolic
states at either 25°C or 10°C, consistent with fngeovations at 37°C (Figure 2-7A),
but state 4 respiration rate remained higher ipidbanimals than interbout euthermic
animals at both low assay temperatures, being &l8@% higher at 10°C (Figure 2-
7B). With succinate, state 3 respiration rate rew@i33% lower in torpid animals than
interbout euthermic animals at 25°C but not 10°@Fe 2-7C), and state 4 respiration

did not differ between metabolic states regardtésemperature (Figure 2-7D).
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Figure 2-6. Skeletal muscle mitochondrial respiratbn rate measured at 37°C
during hibernation in thirteen-lined ground squirrels. Respiration rate fueled by
glutamate (A) or succinate (B) was measured dumitper torpor or interbout
euthermia. Black and grey bars represent stated34arespiration rates, respectively.
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1, P <0.10, compared to interbout euthermia.
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Heart mitochondrial respiration was measured inrtshbotoperiod-acclimated dwarf
Siberian hamsters during torpor and euthermia. 7RC3 both state 3 and 4 respiration
rates were more than 2-fold higher in torpid ansnampared to euthermic animals
when glutamate fueled respiration (Figure 2-8A}, the respiratory control ratio (RCR,;
state 3/state 4), often used as an indicator ofjtiadity of a mitochondrial preparation,
was quite low (1.02 + 0.14). When succinate fuekspiration, there was no difference
in either state 3 or state 4 respiration rate betwmetabolic states (Figure 2-8B), but
the respiratory control ratio was 2.65 + 0.29, estesit with previous studies of heart
mitochondria using succinate in rats (e.g. ChealeR008). | believe that the heart
mitochondria isolated for this study were not daethduring isolation but rather that
glutamate transport and/or GDH (rather than ADRIt8 glutamate oxidation in heart
mitochondria (see Discussion). For the most paggpiration rate declined with
temperature, except for state 3 respiration withtaghate. Both state 3 (Figure 2-9A)
and state 4 (Figure 2-9B) respiration rate fuelgdglutamate were higher in torpid
animals at both 15°C and 26°C, consistent with ofadons at 37°C. Interestingly,
however, RCR was higher at these lower temperatuels that it was 2.9 + 0.98 and
2.1 £ 0.27 at 26°C and 15°C, respectively. With ceumte, regardless of assay
temperature, neither state 3 (Figure 2-9C) noestafFigure 2-9D) respiration differed
between metabolic states, and RCR remained asati@b°C (2.62 £ 0.19) and 26°C
(3.25+£0.38) as at 37°C.
2.3.5Kinetics and control of oxidative phosphorylatiam liver mitochondria

during hibernation and daily torporln ground squirrels, when measured at 37°C,

substrate oxidation activity was lower in torpidraals than interbout euthermic
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animals (Figure 2-10A). Similarly, ADP phosphorybat activity was also lower in
torpid animals (Figure 2-10B). By contrast to sudist oxidation and ADP
phosphorylation, IMM proton leakiness was actudligher in torpid animals than
interbout euthermic animals (Figure 2-10C). In ibtait euthermic animals, substrate
oxidation had the majority of the control over batiate 3 and 4 respiration rate, and
this control increased considerably in torpid angnkeaving ADP phosphorylation and
IMM proton leakiness with little control over staté and state 4 respiration,
respectively, in torpid animals (Table 2-1).

In Balb/c mice, at 37°C, substrate oxidation attiwas lower in torpid animals
than interbout euthermic animals at stat&'f8, values, but was higher at stat\¥,
values (Figure 2-11A). By contrast, substrate axbaaactivity did not differ in either
CD1 (Figure 2-11B) or C57 mice (Figure 2-11C). mttbBalb/c (Figure 2-12A) and
C57 mice (Figure 2-12C), ADP phosphorylation atyiwas lower in torpid animals
than interbout euthermic animals, particularly &¥, values above 100mV. By
contrast, in CD1 mice (Figure 2-12B), ADP phospletign activity was higher in
torpid animals. IMM proton leakiness differed beémenetabolic states only in Balb/c
mice, where leakiness was lower in torpid animbaéntinterbout euthermic animals at
A¥n, values above 145mV (Figure 2-13A). In both CDIg(fe 2-13B) and C57 mice
(Figure 2-13C), there was no difference in leaksnasiong metabolic states. Control
over mitochondrial respiration in mice showedditilariation among strains and did not
shift drastically during torpor for the most pafiaple 2-2). In all three mouse strains,
substrate oxidation had the majority of control rostate 3 respiration rate in euthermic

animals. In Balb/c and CD1 mice, the control exetig substrate oxidation increased
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Figure 2-10. Kinetics of oxidative phosphorylationmeasured at 37°C in liver

mitochondria during hibernation in thirteen-lined ground squirrels. The kinetics of

substrate oxidation (A), ADP phosphorylation (Bpdaproton leakiness (C) were

measured in torpid (grey symbols) and interbouheumic (black symbols) animals.

Data shown are mean = SEM. N=5 for interbout eutiggr N=8 for torpor. Kinetic

differences between metabolic states were detedrbyea custom-designed algorithm

(see Experimental Procedures), and P-values asemexl. P-values indicate whether

the two curves differ only at the level of respwatrate indicated, not along the entire

length of the curve.
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Table 2-1. Distribution of control over liver mitochondrial respiration by the three
components of oxidative phosphorylation at three asmy temperatures during
interbout euthermia (IBE) and torpor in thirteen-li ned ground squirrels. Overall
control coefficients for state 3 (A) and state 4 &re calculated using mean values for
membrane potential and respiration rate from kinetirves measured in Figure 2-10

for 37°C, and kinetic curves measured at 25°C &t J(data not shown), as well as

the equations described in the Experimental Praesdu

A. 37°C 25°C 10°C
IBE Torpor IBE Torpor IBE Torpor
Substrate 0.87 0.98 0.92 1.77 0.93 1.09
Oxidation
ADP 0.12 0.01 0.07 -0.18 0.06 -0.05
Phosphorylation
Proton 0.02 0.01 0.01 -0.59 0.01 -0.05
Leakiness
B. 37°C 25°C 10°C
IBE Torpor IBE Torpor IBE Torpor
Substrate 0.63 0.81 0.66 4.44 0.66 1.19
Oxidation
ADP 0 0 0 0 0 0
Phosphorylation
Proton 0.37 0.19 0.34 -3.43 0.34 -0.19

Leakiness
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designed algorithm (see Experimental Procedurespli®es indicate whether the two
curves differ only at the level of respiration ratdicated, not along the entire length of

the curve.
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Figure 2-13. Kinetics of proton leakiness measuredt 37°C in liver mitochondria

in three strains of mice during fasting.In each panel, proton leakiness kinetics is
shown for mitochondria from euthermic (black syn#)ohnd torpid (grey symbols)
animals. Data shown are mean + SEM. For Balb/c@bd, N=8 for both euthermia
and torpor. For C57, N=4 for euthermia, N=7 foptm Kinetics are shown for Balb/c
(A), CD1 (B), and C57 (C) mice. Within each strakinetic differences between
euthermic and torpid animals were determined uaicgstom-designed algorithm (see
Experimental Procedures). P-values indicate whdtieitwo curves differ only at the

level of respiration rate indicated, not along ¢éimire length of the curve.
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Table 2-2. Distribution of control over liver mitochondrial respiration by the three
components of oxidative phosphorylation in euthernd and torpid mice. Overall
control coefficients for state 3 (A) and state 4 (Bvere calculated using the mean
values for membrane potential and respiration fede kinetic curves measured in
Figures 2-11, 2-12, and 2-13, and kinetic curveasueed at 1'® for Balb/c mice (not

shown), as well as the equations described in ¥pefimental Procedures.

A. Balb/c CD1 C57
Euthermia Torpor EuthermiaTorpor Euthermia Torpor

37°C 15°C 37°C 15°C  37°C 37°C 37°C 37°C

Substrate 0.71 0.77 0.80 0.60 0.75 0.78 0.80 0.69
Oxidation

ADP 0.28 0.19 0.19 0.34 0.23 0.21 0.19 0.29
Phosphorylation

Proton 0.01 0.05 0.01 0.05 0.01 0.01 0.01 0.03
Leakiness

B. Balb/c CD1 C57
Euthermia Torpor EuthermiaTorpor Euthermia Torpor

37°C 15°C 37°C 15°C  37°C 37°C 37°C 37°C

Substrate 0.34 0.36 0.37 0.53 0.42 0.30 0.38 0.39
Oxidation

ADP 0 0 0 0 0 0 0 0
Phosphorylation

Proton 0.66 0.64 0.63 0.47 0.58 0.70 0.62 0.61
Leakiness
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during torpor, but in C57 mice, substrate oxidatmontrol dropped whereas that of
ADP phosphorylation rose. In contrast to the pattebserved in ground squirrels,
proton leak had more control over state 4 respinatate than did substrate oxidation in
euthermic mice, and this control over respiratignpiboton leakiness was retained or
increased during torpor.

In order to analyze the effects of &t sampling on the kinetics of oxidative
phosphorylation in euthermic mice, it was necesdarybin T, into discrete 9C
intervals. Compared to animals witly ear 37°C, ADP phosphorylation was lower in
animals with | near 36°C, 35°C, and 34°C. Substrate oxidatiohd@th state 3 and 4
A¥n, values) was lower only in animals witl lear 36°C and 35°C, though it tended to
be lower at 34°C as well. Proton leakiness was driginly in animals with g near
35°C (Figure 2-14A). For torpid mice, | binned hto discrete Z intervals and
examined only the two strains that had shown aatgrilated inhibition of succinate
oxidation during daily torpor (Balb/c and C57). Rorpid Balb/c mice (Figure 2-14B),
substrate oxidation at stateA¥\, activity was lower only oncepldeclined to 24°C, but
substrate oxidation at state\¥,, was higher at all Jvalues. ADP phosphorylation, on
the other hand, was lower oncg declined to 26°C, and proton leakiness was lower
once T, was below 28°C (and possible at highgr dithough no animals were sampled
above 28°C). For torpid C57 mice (Figure 2-14C), imsBalb/c mice, substrate
oxidation at state AY¥,, values was lower only once, had reached 24°C, and ADP
phosphorylation was lower only oncg Aad reached 26°C. Substrate oxidation activity
at state AY,, was lower when Jwas 28°C and 24°C, but showed a transient reversal

to euthermic levels when,Tvas 26°C. On the other hand, proton leakinessonbs
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Figure 2-14. Effect of body temperature at samplingon the kinetics of the
components of OxPhos measured at 37°C in fasted midAnimals were binned into
1°C (euthermic animals) or 2°C (torpid animals) ifitervals.A. Euthermic animals
from all strains togethemB. Balb/c torpid animalsC. C57 torpid animals. Kinetic
differences are expressed as mean integratedcéhastalues, which were statistically
analyzed using a custom-designed algorithm (seerirpntal Procedures),. P < 0.10;

** P < 0.01, compared to euthermic animals at 37°C.
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transiently lower, when gT'was around 26°C, but returned to euthermic leaslsk,
further declined.

2.3.6 Effect of temperature on the kinetics of &N ground squirrels
(Figure 2-15) and mice (Figure 2-16), responsesxadative phosphorylation kinetics
to changes in assay temperature differed amongbwietastates and affected how
mitochondrial respiration was controlled (Table;2212). In ground squirrels, substrate
oxidation activity (at both state 3 andA¥\,) declined with temperature, for the most
part. IMM proton leakiness also declined with tenapere in summer active and torpid
animals, but actually increased with temperatureierbout euthermic animals. ADP
phosphorylation activity declined with temperatuire mitochondria from torpid
animals, but moderately increased in activity wigmperature in interbout euthermic
animals. In summer active animals, ADP phosphapraéactivity was higher at 25°C
than 37°C, as was observed in interbout euthermimals, but activity declined
drastically when temperature was reduced to 10t®stBate oxidation, which had the
majority of control over state 3 and 4 respirataar87°C, regardless of metabolic state,
saw its control over state 3 respiration increas¢eanperature fell in both euthermic
and torpid animals, leaving ADP phosphorylation hwigven less control at low
temperatures. By contrast, the control over suteswaidation over state 4 respiration
increased only in torpid animals. In mice, subst@tidation activity generally declined
with temperature regardless of metabolic stateotit btate 3 and A¥,, values, as was
observed in ground squirrels. IMM proton leakinat declined with temperature in

euthermic, but not torpid, animals. ADP phosphdigtaactivity, on the other hand,
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Figure 2-15. Effect of assay temperature on the ketics of the components of
OxPhos in hibernating and summer active thirteen-hed ground squirrels. Animals
were either summer active (A), interbout euthern@@®), or torpid (C). Kinetic
differences are expressed as mean integratedcilastalues, which were statistically
analyzed using a custom-designed algorithm (seerirpntal Procedures). P < 0.10;

** P < 0.01, compared to 37°C.
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Figure 2-16. Effect of assay temperature on the ketics of the components of
OxPhos in fasted Balb/c miceAnimals were measured when euthermic (A) or torpid
(B). Kinetic differences are expressed as meargiated elasticity values, which were
statistically analyzed using a custom-designed rdlgn (see Experimental

Procedures)*, P < 0.01, compared to 37°C.
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declined with temperature in torpid mice but aduahcreased with temperature in

euthermic mice.

2.4 Discussion

2.4.1 Active mitochondrial metabolic suppressiomriry torpor is tissue-
specific. Active, regulated suppression of liver mitochondri&date 3 respiration
characterizes torpor in hibernating ground squsr{8arger et al. 2003; Muleme et al.
2006; Gerson et al. 2008; Armstrong et al. 2010gr@het al. 2011; Figure 2-1), and
both fasting-induced (Figure 2-2) and spontaneaaiy dheterotherms (Brown et al.
2007). In hibernators, this suppression is obseregdrdless of whether summer active
or interbout euthermic animals were used as canti®lppression of state 4 liver
mitochondrial respiration rate characterizes torjporhibernators in most studies
(Pehowich and Wang 1984; Barger et al. 2003; Amongjret al. 2010; Figure 2-1) but
not all (Gerson et al. 2008); however, state 4rlrespiration is not suppressed in daily
heterotherms (Brown et al. 2007; Figure 2-2).

Which respiratory state (i.e., state 3 vs. statke$)} approximates mitochondrial
respiration in vivo, and whether in vivo respirgtgtate might differ between euthermic
and torpid animals, is unclear, but it has beergssigd that mitochondria in a resting
animal may be in an intermediate respiratory statate 3.5”) in vivo (Korzeniewski
and Mazat 1996). Notwithstanding, the capacity AGiP production is undoubtedly
reduced during torpor, which likely contributes ttee inhibition of numerous ATP-
consuming processes in the cell, given that ATRIpeton has significant control over

the rates of these processes (Rolfe and Brown 189¢)ing to suppression of cellular
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metabolism. Moreover, the extent of suppressiorlivar mitochondrial respiration
during torpor seems greater in hibernators thary daéterotherms (e.g., compare
Figures 2-1, 2-2, and Brown et al. 2007), sugggstiat there may be some relationship
between the extent of active liver mitochondriatabelic suppression and the extent of
whole-animal MR suppression during torpor.

Two previous studies showed no difference in skéletuscle mitochondrial
respiration rate in thirteen-lined ground squirrélduleme et al. 2006) and Arctic
ground squirrels (Barger et al. 2003) during torpompared to euthermic animals.
These observations led to the conclusion that fniodrial metabolic suppression
during hibernation was tissue-specific. By contrasthe present study, skeletal muscle
mitochondrial respiration was actively suppressedng torpor (Figure 2-6), although
the extent of active suppression of skeletal musgtechondria was considerably less
than that observed in liver (compare Figures 2-d 216). There are a few possible
explanations for the disparity among studies.

First, in both previous studies, non-hibernatingrals (either summer active or
cold-acclimated), rather than interbout euthermmemals, were used as controls.
Skeletal muscle mitochondrial respiration is knawrincrease in winter in hibernating
species (Brustovetsky et al. 1992), which would p@many differences in respiration
rate between torpid and summer active animals. dtigd explain why Muleme et al.
(2006) saw no difference between summer activet@npid animals. It may also be that
hibernating animals have a higher capacity foretiaéimuscle mitochondrial respiration
rates than even cold-acclimated non-hibernatingnals because ATP production is

routinely needed for shivering thermogenesis dudargusals from torpor (Lyman and
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Chatfield 1950; Opazo et al. 1999). This could expivhy Barger et al. (2003) saw no
difference between cold-acclimated non-hibernaaoi torpid animals.

Second, both previous studies of skeletal musdtechrondria used only the
gastrocnemius as a source of muscle mitochondarieontrast, in the present study, the
whole hindleg was used because thirteen-lined gtreguirrels are smaller compared to
Arctic ground squirrels used in some previous sidand the purification protocol
required more tissue to compensate for lost yieldnd purification. The ground
squirrel hindlimb is likely similar in compositidio that of the rat, which contains about
32 muscles that differ in fiber type compositionrigfstrong and Phelps 1984), and it
remains possible that the occurrence and/or extdntmitochondrial metabolic
suppression differs among different muscles/fiyrges. While fast glycolytic fibres
comprise 76% of the whole rat hindlimb, these sébres comprised only 62% of the
gastrocnemius.

Third, Barger et al. (2003) showed a similar ektehsuppression in skeletal
muscle mitochondria in Arctic ground squirrels las present study but failed to obtain
statistical significance for their results. Likeethresent study, both previous studies that
examined skeletal muscle mitochondria during torpdribernators (Barger et al. 2003;
Muleme et al. 2006) also examined liver mitochoaldréspiration and showed greater
variability in mitochondrial respiration rate fokedetal muscle than liver mitochondria.
This may have impeded statistical significance lie fprevious studies and been
overcome in the present study by a larger sampke and the use of high-resolution
respirometry. This higher variability in muscle malgo be due to the fact that skeletal

muscle mitochondria consist of two distinct mitootidal subpopulations (Cogswell et
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al. 1983). Subsarcolemmal mitochondria are locaistlbeneath the sarcolemma and
can be easily isolated using only homogenizatiomeneas intermyofibrillar
mitochondria are located among the muscle fibedsam only be isolated following
digestion with protease incubation. A number oflsta have shown that state 3 and 4
respiration rates of intermyofibrilar mitochondriare higher than that of
subsarcolemmal mitochondria and/or that these mitodrial subpopulations respond
differently to experimental conditions, such asinireg and immobilization (e.g.,
Krieger et al. 1980; Bizeau et al. 1998; Servaiale2003). Protease was employed in
the present study and, therefore, both mitochohsiilapopulations were likely isolated.
Future studies should examine changes in each pulgtion independently during
torpor to determine whether the presence and/anéxaf suppression differ between
mitochondrial subpopulations within tissues.

In contrast to my observations in liver and skdlehuscle, there was no
suppression of respiration rate in heart mitochanduring torpor in dwarf Siberian
hamsters; in fact, glutamate-fueled respiratioe rabs 2-fold higher in mitochondria
from torpid animals. To my knowledge, only one otlstudy has examined heart
mitochondria during torpor. South (1960) showed theart mitochondrial respiration
rate was higher during torpor in hibernating goldemsters using complex I-linked
substrates, consistent with my observations in fi®#rerian hamsters. It seems likely
that the increase in glutamate-fueled heart mitodhal respiration in dwarf Siberian
hamsters is caused by increased activity of glutameansporters, GDH, and/or
complex |, as these sites are unique to glutameaton. Given that South (1960)

used pyruvate to fuel respiration, this may sugtiest complex | activity is the site of
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upregulation of heart mitochondrial metabolismilas is the only site common to both
glutamate and pyruvate oxidation (but not succiratielation). Heart mitochondrial
metabolism may increase during torpor becausekeutilier and skeletal muscle, which
are responsible for 12% and 26% of BMR, respedtjvieéart is responsible for only
0.5% (Martin and Fuhrman 1955). In addition, bavled and skeletal muscle contribute
to thermogenic metabolism, whereas heart doesrogpt indirectly through its effects
on circulating warm blood. Given that heart mak#te|contribution to whole-animal
metabolism, there may be little benefit to suppresslative phosphorylation in this
tissue. In fact, it may be necessary to maintai@ thetabolic capacity of heart
mitochondria in order to maintain contractile fuoot at low temperatures. In most
homeothermic mammals, heart function ceases ataenpes below 20°C (Johansson
1994), yet heterothermic animals routinely maintphoper heart function at lower
temperatures.

2.4.2 Active suppression and passive thermal sffecrk together to reduce
mitochondrial respiration during torporDecreasing assay temperature to 10-15°C
reduces oxidative capacity by as much as 83% ity daterotherms and 93% in
hibernators in mitochondria isolated from eutherraiimals compared to measured
rates at 37°C. Given that whole-animal oxygen consion rate declines up to 70%
and 95% compared to BMR in daily heterotherms ahdrhators, respectively (Geiser
2004), it would appear that passive thermal effattige could be sufficient to account
for most, if not all, of the reduction of mitochorad respiration rates during torpor.

This is consistent with the arguments of other agthvho have questioned the role of
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any active metabolic inhibition in reducing MR di torpor (Guppy and Withers
1999).

While active mitochondrial metabolic suppressi@s been routinely observed
at high assay temperatures (i.e., > 25°C), it leddosn been observed at lower assay
temperatures (Muleme et al. 2006; Brown et al. 2603ures 2-4; 2-5; 2-7). Therefore,
it seems unlikely that active mitochondrial metabolnhibition during torpor
suppresses mitochondrial metabolism to its lowegels.Over the last decade, it has
become well-established that, Talls during torpor as a consequence of metabolic
suppression rather than being itself the mechatigwhich metabolic suppression is
achieved (Heldmaier et al. 2004). On this basidjvacmitochondrial metabolic
suppression may be a mechanism to suppress metabdiiring the early stages of
torpor, when T is still high, thereby facilitating a fall in I leading to further
mitochondrial metabolic suppression via passiventa¢ effects. In support of this
notion, Chung et al. (2011) showed that liver ntitmedrial metabolism is fully
suppressed during early entrance into a torpor,bwben T is still 30°C, during
hibernation in thirteen-lined ground squirrels. dddition, my own data show that
glutamate oxidation rate was lowest in mice samplady during torpor (> 28°C)
and succinate oxidation, though it only graduakclthed during torpor, was greatest
when T, was 25°C (Figure 2-3). At lower temperatures, gwate oxidation rates
(measured in vitro at 37°C) began to gradually. rig@s is intriguing because | have
previously suggested that 25°C may be thatlwhich the effects of active suppression

of mitochondrial metabolism become negligible coregawith passive thermal effects.
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The extent of mitochondrial metabolic suppressi@n passive thermal effects
depends on the temperature sensitivity of OxPhdgochondria from torpid animals
may be expected to have greater temperature safysithan mitochondria from
euthermic animals in order to maximize temperagdfects. The temperature sensitivity
of the ADP phosphorylation component was consistdngher in liver mitochondria
from torpid animals compared with euthermic animalground squirrels, mice, and
hamsters. Chamberlain (2004) showed that tobacooMwoms (an ectothermic insect)
have an ADP phosphorylation component that is ssgperature-insensitive. On the
other hand, Dufour et al. (1996) showed that, ta (strictly homeothermic mammals),
the ADP phosphorylation component is temperatunsitge, as in torpid
heterotherms. Therefore, it would appear that tbé° Ahosphorylation component of
OxPhos may differ not only between endothermic aatbthermic animals, but also
between heterothermic and homeothermic endothéfms.may have implications for
our understanding of the evolution of endothernsywall as the evolution of torpor.

The increased temperature sensitivity of the ABsphorylation component
during torpor is not likely a mechanism to achigveater energy savings during torpor
since, as discussed previously, ADP phosphoryldtas little control over respiration
rate, particularly at low temperatures (Table 2-R). However, ADP phosphorylation
has considerable control ova®, and increasing the temperature sensitivity of thi
component during torpor may function to minimizeaches inAYy, during torpor. In
support of this notion, when mitochondria from euwthic animals are cooled to low

temperatures, state/8V,, drops by 15-20mV, whereas when mitochondria frorpitl
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animals are cooled to the same low temperatura® 38V, remains constant (data not
shown).

2.4.3 Mitochondrial proton conductance is not achenism to suppress
mitochondrial respiration during torpoiRProton leak has been shown to be a significant
contributor to cellular (Brand et al. 1994), tisqiolfe and Brand 1996), and whole-
animal oxygen consumption (Rolfe and Brown 1997her€fore, decreasing IMM
proton leakiness during torpor could increase rhidoclrial efficiency (Brand et al.
1993) and contribute to energy savings. To datejeler, there has been little support
for this hypothesis in other hypometabolic modébs; example, proton leak was not
suppressed in either hibernating frogs (St. Pietriad. 2000) or estivating snails (Bishop
et al. 2002). My data show that proton leakiness veluced during torpor only in
Balb/c mice (and, in fact, when measured at 15tGtop leakiness was actually higher
in torpid Balb/c mice; Figures 2-13; 2-16). In ddzh, in torpid ground squirrels
(Figure 2-10) and torpid hamsters (Brown et al. J0@roton leakiness was higher
compared to euthermic animals. A previous stud¥3dined ground squirrels showed
that proton leakiness did not differ between tor@ndl euthermic animals when fed the
same diet used in the present study, but showedrlpvoton leakiness when fed diets
with very high or very low amounts of polyunsatexhfatty acids (Gerson et al. 2008).
One reason for the disparity between these twaesudight be the type of euthermic
animal used as a control. In the present studgrbout euthermic animals were used as
controls, whereas Gerson et al. (2008) used surantee animals. Barger et al. (2003)
showed no change in proton leakiness in Arctic gdosquirrels, but these authors also

used cold-acclimated non-hibernating animals agralsn It may be that proton leak
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cannot be actively suppressed during torpor becavs& it would conserve energy, it
would have some other more costly impact.

2.4.4 Mechanisms of active mitochondrial metabslippression during torpor
in liver. The sites of mitochondrial metabolic suppresdiat | have identified in this
study and in previous work (Brown et al. 2007) atemmarized in Table 2-3. In
hibernating ground squirrels, succinate oxidatioasvsuppressed during torpor, but
glutamate oxidation was not. Moreover, substratelaiion activity measured using
succinate was lower during torpor. Taken togethtbese data suggest that the
dicarboxylate transporter and/or complex 1l are #ite(s) of suppression of liver
mitochondrial metabolism during torpor in squirr@ls these two sites are unique to
succinate oxidation. Previous studies have dematestrthat complex Il is inhibited
during torpor in hibernating squirrels as a resfltan increase in liver oxaloacetate
levels, but this accounts for only 25% of the segpion of succinate oxidation
(Armstrong et al. 2010). | am not aware of any &sdhat have examined changes in
dicarboxylate transport during hibernation, buiiy be a worthwhile site for further
investigation because it has been shown to havsidemable control over state 3
respiration in rat liver mitochondria (Groen et #82).

The lack of suppression with glutamate during ¢orfm hibernators suggests
that there is no suppression of complex I, comgléx complex IV, ubiguinone,
cytochrome c, glutamate transport, or GDH. The latlsuppression with glutamate
oxidation further suggests that inhibition of reafion rate with pyruvate, another
complex I-linked substrate, which has been seemngluiorpor in previous studies

(Muleme et al. 2006), likely reflects inhibition pjruvate transport and/or PDH, as
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Table 2-3. Summary of the changes in the kineticsf @xidative phosphorylation
observed during hibernation and daily torpor. Upward and downward arrows
indicate a significantly increased or decreasedviagt respectively, of the OxPhos
component during torpor compared to euthermia, @deera horizontal double-arrow
indicates no significant difference among metabstites. Data for ground squirrels
and all strains of mice are from the present thediereas data for hamsters (shown for

comparison) are from Brown et al. (2007).

Substrate ADP Proton
Oxidation Phosphorylation Leak
State 3 State 4
Ground ) ! ! T
Squirrels
Mice
Balb/c ! 0 l !
CD1 N N 1 o
C57 o o ! o

Hamsters ! ! - 0
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these two sites are unique to pyruvate oxidatioare&s the remaining sites involved in
pyruvate oxidation are shared with glutamate oxaatindeed, PDH is inhibited
during torpor in hibernators via the upregulatidnpgruvate dehydrogenase kinase 4,
which phosphorylation, and thereby, deactivatextmplex (Buck et al. 2002).

ADP phosphorylation was also suppressed duringotomp grounds squirrels
(Figure 2-10). This is consistent with previous kahowing that the ANT may be
suppressed (Shug et al. 1971; Amerkhanov et a6)188d/or have a reduced affinity
for adenine nucleotides, the concentration of whichy decline (Bronnikov et al.
1990), during torpor. Notwithstanding, the fact tthADP phosphorylation was
suppressed is intriguing because this componentlitiedcontrol (12%) over state 3
respiration rate (Table 2-1), consistent with s¢Bwfour et al. 1996) but not all (Brand
et al. 1993; Rossignol et al. 2000) previous ss&idlderefore, its inhibition contributes
little to the suppression of mitochondrial respoatduring torpor, making any benefit
of suppressing ADP phosphorylation during torpoclear. ADP phosphorylation does
have considerable control (~50%) over stat®¥3, (data not shown), and it is possible
that inhibition of ADP phosphorylation helps to mmmze changes iMA¥n, during
torpor. Because substrate oxidation generai¥s, its suppression causesV, to
decline; by contrast, because ADP phosphorylationsemesAY,, its suppression
tends to causa¥n, to rise. Thus, inhibition of substrate oxidatioitheut simultaneous
inhibition of ADP phosphorylation may lead to a liee in AY,,. My data show that
state 3AW¥,, of torpid animals is only 3mV lower than that oftleermic animals when
measured at 3T (Figure 2-10) but would be about 8mV lower in #iesence of the

simultaneous inhibition of ADP phosphorylation.
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The sites of suppression of liver mitochondrialdative phosphorylation during
torpor in mice differed considerably among the ¢hetrains examined (Table 2-3).
Balb/c mice show the same pattern of suppressiahidsen-lined grounds squirrels,
with suppression of ADP phosphorylation in thisastr preventing any significant
change in state 8¥,, but contributing little to suppression of mitoclioial respiration.

In C57 mice, similar to dwarf Siberian hamstersof@n et al. 2007), both glutamate
and succinate oxidation were suppressed. Whilersgpipn in hamsters seems to result
from suppression of substrate oxidation (via glten transport, complex |,
dicarboxylate transport and/or complex Il, but @DH [see Heldmaier et al. 1999))
and without any contribution of ADP phosphorylatiomeasurements of substrate
oxidation suggest that this component is not sigga@ in C57 mice. Instead, this strain
shows a unique pattern of suppression in that AD&phorylation is suppressed to
such a considerable extent that, despite its lowl lef control over respiration rate, it is
sufficient to inhibit mitochondrial metabolism. CDhice show liver mitochondrial
metabolic suppression only with glutamate, whiclygasts inhibition of glutamate
transport, GDH, and/or complex I. ADP phosphorgiativas not suppressed in CD1
mice.

There appears to be no consistent pattern amdegoligermic species in terms
of the particular sites that are inhibited duriogobr, even among strains of the same
species (i.e., house mice; Table 2-3). This dodspneclude the possibility that the
upstream signaling cascade triggered during toinasrbeen conserved among species.
Even if the torpor induction signals are the samali strains, different mouse strains

are known to react differently to the same moletphe/siological signals (Marks et al.
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1983; Funkat et al. 2004). Notwithstanding, a nunifesites are potential candidates
for inhibition in several species, including comple complex I, glutamate transport,
dicarboxylate transport. Therefore, it may be thlly a finite number of sites can be
downregulated during torpor to achieve mitochordratabolic suppression, but which
exact sites are suppressed in any given specieadtdseen under sufficient selective
pressure so as to be conserved among species. Woréar the most part, more than
one site appears to be inhibited during torpor linspecies, suggesting that torpor
involves a coordinated, multi-site downregulatiof mitochondrial metabolism.
However, these different sites that are inhibitadrdy torpor are not always suppressed
and reversed at the same time. For example, in Balb/c and C57 mice, ADP
phosphorylation appears to be suppressed opcka3 reached 26°C, but substrate
oxidation not inhibited until Jreaches 24°C.

2.4.5 The compromise between torpor and foragingsted miceDaily torpor
is undoubtedly part of the energy-saving stratdgpsted mice, which spent about 40%
of their time torpid, but were never torpid whem.f&Energy savings during fasting
could presumably be increased by longer and maguént torpor bouts; however,
torpor precludes foraging. Fasting has been shawimdrease both nocturnal (active
period; Sakurada et al. 2000) and diurnal (inagtiggod; Overton and Williams 2004)
activity in rodents, likely to facilitate increasémtaging. The average torpor bout length
observed in this study (5.6 hours) may, therefoepresent a balance between an
increased need for energy savings and an increesstlito forage.

Moderate reductions inpand MR during periods of euthermia in fasted atsma

could conserve additional energy while still petmg activity and foraging. In the
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present study, euthermic animals displayed coreloder variation in § and MR,
sometimes reducingp o as low as 34°C, with a corresponding reductibMR up to
25% compared to fed animals. Interestingly, whgraiid MR were reduced, state 3
respiration rate of liver mitochondria was alsoueetl, particularly with succinate.
Therefore, euthermic fasted animals may periodiaatuce mitochondrial respiratory
capacity—albeit to a lesser extent than duringdoesan order to further reduce their
energy demands without compromising foraging ahilit
2.4.6 SummaryDuring periods of hypometabolism in mammals, mitoudrial

metabolism is actively suppressed in several ereogguming tissues (such as liver
and skeletal muscle). The principle site of thipmession is the substrate oxidation
component of OxPhos, likely complex | and/or Il. iShactive inhibition of
mitochondrial metabolism likely facilitates MR suppsion during entrance into torpor,
when T, is still high, whereas passive thermal effecteliikmaintain low levels of

mitochondrial metabolism during steady-state torpor
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CHAPTER 3

Changes in mitochondrial reaction oxygen species (BS) production during

hibernation and daily torpor

3.1 Introduction

In hibernating animals, blood flow is reduced towmber of tissues for several
days during torpor (Bullard and Funkhouser 1962riEhs et al. 1994) such that these
tissues would be considered clinically ischemicbstguently, during spontaneous
arousals from torpor, blood flow to most tissuesréases again, and these tissues
become reperfused (Johansen 1961; Bullard and Buskih 1962; Osborne et al.
2005). While blood flow patterns during daily torpmave not been studied, indirect
evidence suggests that daily heterotherms alsoriexjpe ischemia for several hours
during torpor followed by reperfusion during arou§aan et al. 2005).

In homeothermic mammals, ischemia-reperfusion @Rjsually associated with
considerable tissue injury (de Groot and Rauen R0Dii the other hand, when IR (or
physiologically-similar states) occurs in heterothie animals, either naturally (i.e.,
during torpor) or artificially (e.g., via hypothermor induced blood flow restriction),
no injury occurs; that is, heterothermic animalpesgy to be resistant to the deleterious
effects of IR (Zhou et al. 2001; Kurtz et al. 20@xve et al. 2006; Christian et al.
2008). One main contributor to IR tissue injuryR®S production. There are several
sources of ROS production during ischemia and fep®n, including xanthine

oxidase, NADPH oxidase, and peroxynitrate productigontalvo-Jave et al. 2008),



104

but one of the principle sources of ROS productioning IR is mitochondrial oxidative
phosphorylation (Piantadosi and Zhang 1996; Beekel. 1998; Hoerter et al. 2004).
During ischemia, the mitochondrial ETC becomes oeduced because of the lack of
oxygen, the terminal electron acceptor. During swbsequent reperfusion, when
oxygen returns to normal levels, over-reduced ET@nmlexes quickly transfer
electrons to oxygen, favouring ROS production. €fme, it seems likely that
heterothermic animals may employ mechanisms to mur@ mitochondrial ROS
production during ischemia (i.e., torpor) and/quedusion (i.e., arousal), and/or reduce
the potential for ROS production to cause signifidissue damage, thereby conveying
resistance to IR.

In addition to showing resistance to IR, numeraisdies suggest that
heterotherms live longer than similarly-sized hotheans. Edible dormice, which
undergo hibernation, as well as extended periodsimimer dormancy (Bieber and Ruf
2009) and daily torpor (Fietz et al. 2004), liveta® years in captivity (Krystufek et al.
2005, and references therein) while comparablydstz@meothermic rodents typically
have a much shorter lifespan (~ 5-6 years; Speaketaal. 2005). Among bats,
hibernating species live 6 years longer than nteniators on average (Wilkinson and
South 2002). Moreover, within a given heterotherrspecies, individuals showing
longer periods of torpor also have longer lifespdngman et al. (1981) showed a
positive correlation between percentage of lifesgaent in hibernation and age at death
in Turkish hamsters. In both Brandt's bats andelitirown bats, males have longer
hibernation seasons and live longer than femaledl@Bsky et al. 2005). Finally, fat-

tailed dwarf lemurs living in dry forests, whichblernate for 7 months, have a nearly 2-
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fold higher life expectancy than conspecifics liyim rainforests, which hibernate for
only 5 months (Lahann and Dausmann 2011). Whileiged predation rates during
torpid seasons may contribute to the relationskeipvben torpor and longevity (Turbill
et al. 2011; but see also Sommer et al. 2009)ptamy also slow down the rate of
processes that contribute to aging, thereby inorgdsngevity.

One widely-accepted theory of aging (despite soreeent opposition
[Buffenstein et al. 2008; Gems and Doonan 2009;olrgp and Hekimi 2010]) is the
free radical theory (Harman 1956; Schriner et @03 Sanz et al. 2006). This theory
proposes that aging is the result of a progressiweumulation of ROS-induced
oxidative damage to proteins, DNA, and membranespholipids. Furthermore, it
predicts that long lifespan is achieved by procesbkat alleviate oxidative damage.
Consistent with this notion, a number of studiesehdemonstrated that the rate of
accumulation of oxidative damage is slower in larged species (or individuals) than
shorter-lived species (or individuals; Sohal et1#193; Sohal et al. 1995; Barja and
Herrero 2000). The main source of ROS in animateesmitochondria (Turrens 2003);
therefore, it seems likely that heterothermic atsmemploy mechanisms to alleviate
mitochondrial ROS production and/or its damaginfe@é during torpor, thereby
increasing lifespan.

Thus, heterothermic mammals demonstrate twogifipas (IR injury resistance
and long lifespan), both of which may be mediatgdniinimizing ROS production
and/or its damaging effects. In general, theretlaree ways that heterothermic species
could minimize ROS-induced oxidative damage: i)ua ROS production rates; ii)

increase ROS degradation rates by increasing adéinklevels; and/or iii) better repair
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ROS-induced oxidative damage after it occurs. Maestearch investigating how
heterothermic mammals might prevent ROS-inducediaikie damage during torpor
and/or arousal has focused on the role of antiotgla number of studies have shown
increased levels of at least some antioxidantsndutorpor and/or arousal in some
tissues of hibernating animals (Buzadzic et al.019%ien et al. 2002; Ma et al. 2004;
Eddy et al. 2005; Osbourne and Hashimoto 2006; @karat al. 2006; Ohta et al.
2006; Morin and Storey 2007; Page et al. 2009; Nl &torey 2010). Moreover,
transcription factors that broadly regulate antilaxit expression are also upregulated in
several tissues during torpor in hibernating aninf;orin et al. 2008). By contrast, to
my knowledge, no studies have measured mitochdri@& production during torpor
in any hibernator or daily heterotherm. A few sasdihave estimated cellular ROS
production rates in heterotherms via indirect md#hancluding uric acid levels, and
these studies suggest that ROS production incredsesg torpor and/or arousal
(Okamoto et al. 2006; Osborne and Hashimoto 2@6¢ast in some tissues.
Therefore, the objective of this chapter of mysteewas to measure and
compare rates of mitochondrial ROS production ammegabolic states in hibernation
(in ground squirrels) and daily torpor (in dwarb&iian hamsters and mice). Given that
heterothermy is associated with IR injury resiséaaad long lifespan, both of which
may be mediated via alleviation of ROS productidmypothesize that ROS production
is reduced in mitochondria isolated from torpid gamed to euthermic animals. As with
mitochondrial respiration rate, there are two medras by which ROS production
may be reduced in torpid mitochondria: active, tatga inhibition and/or passive

thermal effects. Therefore, | measured mitochoh&®{S production rates over a range
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of physiologically-relevant temperatures in orderassess the potential contribution of

each mechanism.

3.2 Experimental Procedures

3.2.1 Animals.Thirteen-lined ground squirreldcfidomys tridecemlineatiis
house miceNlus musculusBalb/c strain only), and dwarf Siberian hams{&sodopus
sungrou$ were maintained under the same conditions asridbedcin Chapter 2.
Ground squirrels were sampled when summer activerliout euthermic, or torpid, as
described in Chapter 2. Mice and hamsters were legmphen euthermic or torpid
according to the definitions outlined in Chapter 2.

3.2.2 Mitochondrial isolation and respiration rat&uthermic animals were
euthanized with Euthanyl, and torpid animals werthanized via cervical dislocation
in order to prevent arousal, as described in Chdbt&or ground squirrels, mice, and
hamsters, the liver was immediately removed anchstemred to ice-cold liver
homogenization buffer, and mitochondria were isuldbr each species as described in
Chapter 2. Skeletal muscle tissue from both hintbé of ground squirrels was also
excised and washed in ice-cold skeletal muscle lgemaation buffer. Purified
mitochondria were isolated as described in Chaptdn addition, for hamsters, the
whole heart was removed and transferred to ice-selttt homogenization buffer, and
crude mitochondria were obtained as described iap@hn 2. Mitochondrial state 4
respiration rates were measured in all tissues et 37°C, as well as 10°C and
25°C (for ground squirrels) and 15°C and 26°C (fmmsters and mice) using

temperature-controlled polarographig @eters as described in Chapter 2.
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3.2.3 Mitochondrial ROS productiorMitochondrial ROS production was
measured as J@, release (see Chapter 1). ROS production was nexhsumder state 4
conditions at 10, 25 and 37°C (ground squirrelsL®r 26, and 37°C (hamsters and
mice) according to an assay procedure modified fBama (1998; see also Brown et al.
2009). For ground squirrels, both glutamate- aratisate-fueled ROS production were
measured in each mitochondrial preparation, buthamsters and mice, either
glutamate- or succinate-fueled ROS production (mit both) was measured in each
mitochondrial preparation because of low mitoch@aidyield due to small liver size.
Substrates and inhibitors were added to the sameeatrations used for mitochondrial
respiration (Chapter 2; all concentrations arefithed concentration of the compound in
the centrifuge tube during ROS production measungsheln a 1.7mL centrifuge tube,
a reaction mixture (1.5mL total) was prepared bgiag the following reagents in the
following order: buffer (145mM KCI, 30mM HEPES, BnKH,PO,, 3mM MgCh,
0.1mM EGTA, 0.1% bovine serum albumin, pH 7.4 atG37 mitochondria (~0.1 mg
protein mLY), horseradish peroxidase (4 U ML and homovanillic acid (4 mM).
Glutamate and malate, or succinate and rotenones agded to stimulate basal ROS
production. Two reaction mixtures were preparece was immediately immersed in
ice (O min incubation) and one was incubated fo6@0min (depending on substrate
and temperature) then immersed in ice to stop arydr ROS production. Rates of
ROS production were determined by linear regresdietween these two points.
Substrate-free controls were performed to allow dorrection for endogenous ROS
production. Endogenous ROS production was negégieVen in the presence of ETC

inhibitors. Duplicate 224 samples from each centrifuge tube were addedbyib 6f
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glycine buffer (0.1M glycine, 25mM EDTA, pH 12 abam temperature) in 96-well
black plates, and the fluorescence of the dimedyred from homovanillic acid in the
presence of KD, and horseradish peroxidase was measured at 31Qcitat®n and
420nm emission (SpectraMax M2e, Molecular DeviGsnyvale CA). The glycine
buffer increased the pH of the sample to 10, wipidduces maximal fluorescence of
the dimer (Ruch et al., 1983). In parallel, maximatochondrial ROS production at
complex | and complex Ill was measured by addirtgnmone or antimycin A (5 pg
mL™, dissolved in ethanol) to glutamate- and succifizééed respiration, respectively.
Fluorescence values were converted to rates,@l lelease using a standard curve
generated by the production of known amounts eDHby glucose oxidase with
glucose as substrate, a reaction which was linear at least 10 min. Rates of
mitochondrial HO, release were linear over the time course examined.
Mitochondrial HO, release rate and state 4 respiration rates fawithal
preparations were used to calculate the perceritageradical leak (FRL), which is a
measure of the proportion of electrons that prodGee (and subsequently ,8,)

compared to the total number of electrons whichs ghsough the ETC (Barja et al.,

1994), according the following equation:

FRL =100 H,O, production rate

2+ O, consumptin rate
(Equation 3-1).

3.2.4 Data analysisUnless otherwise indicated, data presented are ntean

SEM. Basal and maximal ROS production, as well B&,Fvere analyzed using a
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general linear model in SAS 9.2 with metabolicesté¢mperature, and species (where
applicable; mice and hamsters were analyzed togedisefactors in the analysis. Non-
significant interactions were dropped from the mod®RL was arcsine transformed
prior to analysis. ¢ values were calculated with data from all tempees using a 2-
parameter exponential equation, ang @alues for ROS production and respiration rate
were compared using a general linear model witk (ROS vs. respiration), metabolic

state, and species (where applicable).

3.3 Results

3.3.1 Liver mitochondrial ROS production measuetd37°C. Mitochondrial
ROS production rate was measured under basal amdnalaconditions (i.e., in the
absence and presence of ETC inhibitors acting divearm of the ROS-production
sites, respectively), and basal ROS production wesl to calculate FRL. FRL could
not be calculated for summer active animals becenishondrial respiration rate was
not measured for these animals, but it was estinatging the assumption that
respiration rate does not differ between summer mterbout euthermia in liver
mitochondria (Armstrong and Staples 2010), andll @@mment on it briefly in these
results for comparative purposes.

In ground squirrels, with glutamate as substiaésal ROS production was 87%
lower in mitochondria from interbout euthermic aalsycompared to both summer
active and torpid animals, which did not differ fraeach other (Figure 3-1A), when
measured at 37°C. FRL was reduced to a similaregeguggesting that lower ROS

production in interbout euthermic animals did nasult from a reduction of
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mitochondrial respiration rate (Figure 3-1B). MaginROS production was also 22%
lower in interbout euthermic animals than summeivacanimals, but it was 33%
higher in torpid animals than summer animals (Feg@#1C). With succinate, basal ROS
production measured at 37°C did not differ amorggttiree metabolic states (Figure 3-
1D), but FRL was 27% higher in torpid animals comepato interbout euthermic
animals and my estimate for summer active animéigu(e 3-1E) because state 4
respiration rate is reduced in torpid animals b@SRproduction is not. By contrast,
maximal ROS production was 35% lower in torpid aalsrncompared to either summer
active or interbout euthermic animals, which did didfer from each other (Figure 3-
1F).

Basal ROS production with glutamate did not diffeetween torpid and
euthermic animals in either mice or hamsters (FeggH2A) when measured at 37°C,
but, with succinate, basal ROS production was Za-4fgher in torpid animals than
euthermic animals in both species (Figure 3-2Bjfe@nces in basal ROS production
were also reflected in my calculations of FRL, whaid not differ between metabolic
states with glutamate (Figure 3-2C), but were 16#8ld higher in torpid animals than
euthermic animals with succinate (Figure 3-2D)cémtrast to basal ROS production,
maximal ROS production with glutamate was 31% a8&b lower in torpid animals
than euthermic controls in both mice and hamsterspectively (Figure 3-2E), but
showed a species-specific response with succibaieg 58% higher in torpid hamsters
than euthermic hamsters, but not different betweetabolic states in mice (Figure 3-

2F).
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Figure 3-1. Liver mitochondrial reactive oxygen speies (ROS) production and free
radical leak measured at 37°C during summer, interbut euthermia (IBE), and
torpor in thirteen-lined ground squirrels. ROS production was measured with
glutamate (left-hand panels) or succinate (rightehpanels). Data shown are mean *
SEM. N=8 for summer active and torpor, N=5 for ibteut euthermia. Values for bars

with different letters are significantly (P < 0.0dijferent from each other. Dashed lines

for free radical leak from summer active animallicate that these data are estimates.
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Figure 3-2. Liver mitochondrial reactive oxygen speies (ROS) production
measured at 37°C in torpid and euthermic mice (Ballz strain) and hamstersROS
production was measured with glutamate (left-haadefs) and succinate (right-hand
panels). Black bars represent euthermic animatsgaey bars represent torpid animals.
Data shown are mean = SEM. For euthermic Balb/emi&=5 for glutamate, N=6 for
succinate. For torpid Balb/c mice, N=3 for glutaeati=5 for succinate. For hamsters,

N=3 in all conditions*, P < 0.05 compared to euthermic animals of theessppecies.
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3.3.2 Effects of temperature on liver mitochondR&S productionln ground
squirrels, with glutamate (Figure 3-3A), basal R@®oduction declined with
temperature in torpid and summer active animalsnbtiinterbout euthermic animals,
where mitochondria produced ROS at low rates régssdof temperature. In addition,
differences in basal ROS production rate obsert&¥ &€C were not seen at either 10°C
or 25°C. FRL with glutamate (Figure 3-3B) did noéctine with temperature in
mitochondria from either torpid or interbout euthér animals, and remained higher in
interbout euthermia than torpor at all temperatuig contrast, estimated FRL in
summer active animals appears to decline with teatpes, showing levels comparable
to torpid animals at 37°C and 25°C but comparableterbout euthermic animals at
10°C. Similar to basal ROS production, differenéesmaximal ROS production
observed at 37°C also did not persist at eitheC18° 25°C with glutamate (Figure 3-
3C). Also similar to basal ROS production, maxirR&S production with glutamate
declined with temperature in mitochondria from sugnractive and torpid animals, but
not interbout euthermic animals.

With succinate, basal ROS production declined w@mperature, but did not
differ among metabolic states at any temperatuigu(e 3-3D). FRL also declined with
temperature, and remained higher in mitochondraanfrtorpid animals than either
interbout euthermic or summer active animals at tathperatures (Figure 3-3E).
Similarly, maximal ROS production also declined twilemperature, and remained
lower in torpid animals than either summer activenterbout euthermic animals at all

temperatures (Figure 3-3F).
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Figure 3-3. Effect of assay temperature on liver niochondrial ROS production in

summer active (SA), interbout euthermic (IBE), andtorpid (T) ground squirrels.

ROS production was measured with glutamate (lefidhpanels) or succinate (right-

hand panels). Data for 37°C is the same as in €igtk. Data shown are mean £+ SEM.

N=8 for summer active and torpor, N=5 for interbeuthermia. Temperature effects

are indicated by P values shown in each panelagh ¢emperature, differences among

metabolic states are indicated by letters, wherkiega with different letters are

significantly (P < 0.05) different from each othéfihite, black, and grey symbols

represent summer active, interbout euthermia, anubt, respectively. FRL values for

summer active animals are estimates only, as itetiday the dashed lines.
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In mice and hamsters, basal ROS productioru(Ei¢-4A,B) and FRL (Figure
3-4C,D) declined with temperature in both speciéenvglutamate fueled respiration,
but did not differ between torpid and euthermicnaels. Similarly, maximal ROS
production (Figure 3-4E,F) also declined with tenapgre in both species, but was
lower in torpid animals in both species at all temgtures. When succinate fueled
respiration rate, basal ROS production (Figure 3854And FRL (Figure 3-5C,D) both
declined with temperature in mice and hamsters, antboth species, was higher in
torpid animals than euthermic animals at all terapges. As with both basal ROS
production and FRL, maximal ROS production (Fig@r8E,F) also declined with
temperature. Differences in maximal ROS productisetween metabolic states,
however, was both temperature- and species-spedific mice, maximal ROS
production did not differ between torpid and euthiermice regardless of temperature;
in hamsters, on the other hand, maximal ROS pramtuetas higher during torpor at
both 37°C and 25°C, but not 10°C.

3.3.3 Skeletal muscle ROS production in hibernagngund squirrels.When
measured at 37°C, with glutamate, basal ROS praduct skeletal muscle was nearly
50% higher in torpid animals than interbout eutheramimals (Figure 3-6A), but no
difference was observed when succinate fueled nagm (Figure 3-6B). However,
FRL did not differ among metabolic states regasllesthe substrate used (Figure 3-
6C,D), suggesting that higher ROS production witliggnate in torpid animals simply
reflected higher state 4 respiration rates. MaxiR@IS production rate was 57% lower

in torpid animals when glutamate fueled respira{igure 3-6E), but no difference



117

0.15 0.20
e = |B
c 2 0.12 A Temperature, P < 0.001 c 2 Temperature, P < 0.001
s © S 2 o015
=2 s a |
o Q
g2 2%
g £ 0.09 4 De- IS
o o
= < § 010
QE QE
T« 0.06 T a
5 o 7 2
83 835 oo
0.03 4
£ £
= (=
£ £
0.00 : : : : : 0.00
10 15 20 25 30 35 40 10 15 20 25 30 35 40
0.4 1.2
C D
—_ Temperature, P < 0.001 — 1.0 1 Temperature, P < 0.001
X o3 S
% % 081
[} [}
- -
S 0.2 g 0.6
=} e}
ISl IS}
o X 04
(] (]
Qo1 9]
L (TR
0.2 4
0.0 : : . . . 0.0
10 15 20 25 30 35 40 10 15 20 25 30 35 40
0.20 0.4
2 E = |F
g 9] Temperature, P < 0.001 g Q Temperature, P < 0.001
=] = O
t':, 5 0151 *g 5 03
-
85 8o
a € a E
& o
o g 010 O £ 024
IN E IN E
=~ —_
g o g 9.
S T S I
X = 005 X = 014
[=} o
= £ = E
£ £
0.00 . : : : . 0.0 ; . . . .
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Assay Temperature (°C) Assay Temperature (°C)

Figure 3-4. Effect of assay temperature on liver niochondrial ROS production in
euthermic and torpid mice and hamsters with glutamge. The left-hand panels show
ROS production for mice, and the right-hand pasktsv ROS production for hamsters.
Data for 37°C is the same as in Figure 3-2. Blauk grey symbols represent euthermic
and torpid animals, respectively. Data shown aram# SEM. N=5 for euthermic
mice, N=3 for torpid mice, N=3 for all hamstersv&lues for temperature effects are
shown in each panel. At each temperature, differermetween metabolic states are

indicated by symbols*, P < 0.01 vs. euthermic animals.
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Figure 3-5. Effect of assay temperature on liver nibchondrial ROS production in

euthermic and torpid mice and hamsters with succini. The left-hand panels show

ROS production for mice; the right-hand panels siR@S production for hamsters.

Data for 37°C is the same as in Figure 3-2. Blauk grey symbols represent euthermic

and torpid animals, respectively. Data shown aramrme SEM. N=6 for euthermic

mice, N=5 for torpid animals, N=3 for all hamstdpPsvalues for temperature effects are

shown in each panel. At each temperature, diffes@reamong metabolic states are

shown using symbolg, P < 0.05 vs. euthermic animals.
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was observed with succinate (Figure 3-6F). Theekihces (or lack thereof) observed
at 37°C were also observed at 10°C and 25°C with glutamate (Figure 3-7A-C) and
succinate (Figure 3-7D-F), suggesting that diffeemnamong metabolic states were not
temperature-dependent. As temperature declinedal HR®S production and FRL
declined with temperature regardless of the meialsthte or substrate used; however,
while maximal ROS production with glutamate dedimath temperature in both torpid
and interbout euthermic animals, maximal ROS pradncwith succinate did not in
either metabolic state.

3.3.4 Heart mitochondrial ROS production during Igaiorpor in hamsters.
Basal ROS production of heart mitochondria was @&l 2-fold higher in torpid
animals than euthermic animals with glutamate (F6g8+8A) or succinate (Figure 3-
8B), respectively, when measured at 37°C. FRL diddiffer between metabolic states
with glutamate (Figure 3-8C) but was higher in tdranimals (by nearly 3-fold) when
succinate fueled respiration (Figure 3-8D). MaxiiR&S production rate did not differ
between torpid and euthermic animals regardlesiseo$ubstrate used (Figure 3-8E,F).

Higher rates of basal ROS production with bothtaghate (Figure 3-9A) and
succinate (Figure 3-9B) in mitochondria from torpisimals persisted at both 25°C and
10°C. FRL with glutamate did not differ from betweenetabolic states at any
temperature (Figure 3-9C), but FRL with succinatsigher in torpid animals at all
temperatures (Figure 3-9D). Maximal ROS productenmer differed among metabolic
states, regardless of the substrate used (glutafigtee 3-9E; succinate, Figure 3-9F).
Basal ROS production declined with temperatureoipitl and euthermic animals with

both glutamate and succinate, and FRL declined tsitiperature in both metabolic
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SEM. N=5 for interbout euthermia, N=8 for torpoy.* < 0.05%, P < 0.10 compared to
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Basal H,0, Production
(nmol H,0, min™ mg™ protein)

Free Radical Leak (%)

Maximal H,0, Production
(nmol H,0, min™* mg™ protein)

0.35

0.30 4

0.25 4

0.20 4

0.15 4

0.10 4

0.05 4

0.00

A

Temperature P < 0.001

0.4

0.3 A

0.2 4

0.1 -

0.0 A

Temperature P = 0.024

25

2.0

1.5 A

1.0 A

0.5 4

0.0

Temperature P < 0.01

10

Assay Temperature (°C)

40

Maximal H,0, Production
(nmol H,0, min™ mg™ protein)

Basal H,0, Production
(nmol H,0, min™ mg™ protein)

Free Radical Leak (%)

121

0.35

0.30 1

0.25 4

0.20 4

0.15 4

0.10 4

0.05 4

0.00 -

D

Temperature P < 0.001

0.20

10

15 20 25 30

35

0.18 4
0.16 1
0.14 4
0.12 4
0.10 4
0.08 4
0.06 +

0.04 4

E

Temperature P < 0.01

0.02

3.0

15 20 25 30

35

251

2.0 A

1.5 A

1.0

0.5 A

0.0

F

Temperature P = 0.17

10

15 20 25 30

Assay Temperature (°C)

35

40

Figure 3-7. Effect of assay temperature on skeletahuscle mitochondrial ROS

production in interbout euthermic and torpid ground squirrels. ROS production

was measured with glutamate (left-hand panelsjuocisate (right-hand panels). Data

for 37°C is the same as in Figure 3-6. Data shommaean + SEM. N=5 for interbout

euthermia, N=8 for torpor. Temperature effectsiagécated by P values shown in each

panel. At each temperature, differences among roktalstates are indicated by

symbols.*, P < 0.05;f, P < 0.10 vs. interbout euthermic animals. Blaakd grey

symbols represent interbout euthermia and torgspectively.
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Figure 3-8. Heart mitochondrial reactive oxygen spaes (ROS) production

measured at 37°C during euthermia and torpor in harsters. ROS production was

measured with glutamate (left-hand panels) andisate (right-hand panels). Data

shown are mean + SEM. N=3%, P < 0.01;*, P < 0.05;%, P < 0.10 compared to

interbout euthermia.
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Figure 3-9. Effect of assay temperature on heart nochondrial ROS production in
euthermic and torpid hamsters.ROS production was measured with glutamate (left-
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3-8. Data shown are mean + SEM. N=3. P valueseimperature effects are shown in
each panel except F, where values with differetiede are significantly (P < 0.05)
different. At each temperature, differences betweetabolic states are shown using

symbols*, P < 0.05%, P < 0.10 compared to euthermic animal
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Table 3-1. Qo values for state 4 respiration rate and ROS produn rate of liver and skeletal mitochondria isolaed from
ground squirrels during summer, interbout euthermia (IBE), and torpor. N=8 for summer active and torpor, N=5 for interbou
euthermia**, P < 0.01}, P < 0.05#, P < 0.10 vs. respiration rate in the same tissuemetabolic state. Differences among

metabolic states are shown using letters, whergegakith different letters are significantly (P €%) different from each other.

Glutamate
Respiration Rate ROS Production Rate
Summer Active IBE Torpor Summer Active IBE Torpor
Liver 1.72+0.14 1.54+0.12 1.43 £0.09 215+0.1a 1.15+0.15b 1.79 £0.14 c
Skeletal Muscle 1.48 £0.087 1.49 +0.08 2.15+£0.27* 2.05+0.13*
Succinate
Respiration Rate ROS Production Rate
Summer Active IBE Torpor Summer Active IBE Torpor
Liver 2.29+0.21 2.03£0.06 2.42 +0.39 3.39 £ 0.26** 3.01 £0.27* 2.75+0.13*

Skeletal Muscle 1.77 £0.07 1.65 +£0.09 2.15+0.34t 1.98 + 0.21f
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Table 3-2. Qo values for state 4 respiration rate and ROS produen rate of liver mitochondria isolated from euthermic and
torpid mice. For glutamate, N=5 for euthermia, N=3 for torpasr Buccinate, N=6 for euthermia, N=5 for torpdr.P < 0.01 vs.
respiration rate in the same metabolic state vaghsame substrate. There were no differences betegbermic and torpid animals

in any case.

Respiration Rate ROS Production Rate
Euthermia Torpor Euthermia Torpor
Glutamate 1.72+£0.13 1.50 £0.03 245 +£0.17* 4.67 + 2.56*

Succinate 1.75+0.16 1.92 £0.29 3.96 + 0.87* 3.52 +0.61*
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Table 3-3. Qo values for state 4 respiration rate and ROS produon rate of liver and heart mitochondria isolatedfrom
euthermic and torpid dwarf Siberian hamsters.N=3 in all casest P < 0.01 vs. respiration rate measured in the smsee and

metabolic state. There were no differences betwestabolic states in any case.

Glutamate
Respiration Rate ROS Production
Euthermia Torpor Euthermia Torpor
Liver 1.38 +0.13 1.15+£0.05 2.91 + 0.24* 2.27 £0.19+
Heart 2.40 £0.03 1.99 £0.20 247 +£0.11 3.50 +1.46
Succinate
Respiration Rate ROS Production
Euthermia Torpor Euthermia Torpor
Liver 1.90+0.12 1.72 £ 0.36 4.29 + 0.72* 2.80 + 0.40**

Heart 2.17 +0.22 1.92 +0.30 3.25+0.21 3.51 + 0.60**
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states with succinate (and nearly so with glutajndéeaximal ROS production also
declined with temperature when glutamate fueledpiragon, but an interesting
response to temperature was noted with succirmateoth torpid and euthermic animals,
maximal ROS production with succinate declined leetw 37°C and 25°C, but
increased between 25°C and 10°C.

3.3.5 Temperature-sensitivity of mitochondrial resjon rate and ROS
production.In general, @ values for ROS production were higher than fopirasion
rate in mitochondria from ground squirrels (Tablé)3mice (Table 3-2), and hamsters
(Table 3-3). There are only two exceptionsio @alues for ROS production and
respiration rate did not differ in ground squirteler mitochondria from interbout
euthermic and torpid animals when glutamate fueéspiration, or in hamster heart

mitochondria with glutamate.

3.4 Discussion
3.4.1 Liver and heart mitochondrial ROS production at @bex Il is higher

during torpor. In both hibernators and daily heterotherms, ataaflay temperatures,
liver and heart mitochondria from torpid animalsdhligher levels of FRL (and
sometimes basal ROS production) compared to mitwited from euthermic animals
when succinate was used to fuel respiration (Fg8r8E, 3-5D, 3-9D). In the presence
of rotenone, which inhibits reverse electron flancomplex | (see Chapter 1), all ROS
production with succinate is derived from compléx Therefore, it appears that liver
and heart mitochondria from torpid animals leakcets from complex Il more

readily than euthermic mitochondria. In skeletakola, FRL with succinate showed no
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difference between euthermia and torpor, althohghttend was toward higher FRL in
torpid animals (Figure 3-7E).

ROS production at complex Il is sensitive A¥, (Korshunov et al. 1997);
however AY¥,, was not consistently higher in torpid animalshis study (Figure 2-10C,
2-13) or previous work in our lab (Brown et al. ZD0In addition, Barger et al. (2003)
showed a decrease AW\, during torpor in Arctic ground squirrels. TherefpAYy, is
not likely responsible for the increased electreakiness of complex Il during torpor.
Rather, the most likely contributing factor is axtriease in the degree of reduction of
complex Il during torpor. The degree of reductimncomplex Il is a function of the
rate at which electrons arrive at the ROS-produeitg within complex 1l (i.e., @
compared to rate at which they leave this site. Mélectrons arrive at the complex IlI
ROS-producing site faster than they leave, theisitaore likely to be reduced at any
given time, which increases the likelihood of ROQ8duction.

The data in this study support the notion thatoagree of complex Il reduction
increases during torpor in liver and heart mitoaram When antimycin A was added
to succinate-fueled mitochondria, the ROS-produditg Q of complex Il becomes
fully reduced and produces ROS at a maximal rabe.tlire most part, maximal ROS
production with succinate was not higher in toraidmals in this study (Figures 3-3F,
3-5E,F, 3-7F, 3-9F). Therefore, when the degreeoofiplex Il reduction is the same
(i.e., fully reduced), torpid mitochondria do notoguce ROS at higher rates than
euthermic mitochondria. Thus, higher FRL with snaté under basal conditions must

reflect an increase in the degree of complex Hution in torpid animals.



129

Complex Il reduction state would increase in torg some site(s) downstream
of the complex Il ROS-production site (e.g., cytmmmes B and b, cytochrome c,
complex 1V) were inhibited. Expression of some sutsiof complex IV have been
shown to be upregulated during hibernation, whicighinrule out a role for this
complex, though complex IV activity was not assds¢dittel and Storey 2002).
Muleme et al. (2006) showed that electron flux tigio complex IV is reduced during
torpor (but also arousal) in ground squirrels, whoould promote ROS production at
complex Il during torpor. Petrosillo et al. (2008)owed that cardiolipin, an IMM-
specific phospholipid (Schlame et al. 2000), ig theing ischemia, leading to impaired
complex Il activity and increased ROS producticoni this site; however, Chung et al.
(2011) have shown that cardiolipin content doesamainge during torpor, at least in
ground squirrel liver mitochondria. Pasdois et @h press) showed that heart
mitochondria isolated following ischemia showed-fl# higher rate of mitochondrial
ROS production than mitochondria isolated priorsichemia as a result of the loss of
cytochrome c, which caused the remaining cytochrortand likely also upstream ETC
components) to become more reduced. | am not awhrany studies that have
examined changes in cytochrome ¢ content in mitedha during torpor, if loss of
cytochrome c¢ plays some role in increasing ROS ymtion during torpor,
supplementation of mitochondria with exogenous dytome ¢ should reduce ROS
production to a greater extent in mitochondriaated from torpid animals compared to
euthermic controls. It is intriguing that changes ROS production of torpid

mitochondria show parallels to changes in ROS prboi resulting from ischemia.
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Although heterothermic animals show resistanceRanjury, mitochondria may still
suffer some ischemia-induced impairments.

With few exceptions (e.g., Gehnrich and Aprille889 Muleme et al. 2006),
most investigations of mitochondrial respirationridg torpor, including the present
study, have suggested that upstream componente &TC (i.e., complex | and II) but
not downstream components (i.e., complex Il and ¢ytochrome c) are inhibited
during torpor, which is at odds with my inferenckased on changes in ROS
production. Studies examining the control of mitmatirial respiration by individual
ETC complexes may reconcile these contradictiorsmi@ex Il and IV levels in
mitochondria have been shown to be in excess cadptar other ETC complexes
(Schwerzmann et al. 1989), and Rossignol et aD@28howed that, in both liver and
heart, complex Ill and IV have little control ovesspiration compared to other ETC
complexes. Therefore, inhibition of either compl&xor IV could occur during torpor,
causing increased ROS production at complex lltheut reducing mitochondrial
respiration rate. Therefore, studies of mitochaaddniespiration rate alone with
commonly-used substrates like glutamate and suecinay not yield a complete
picture of the changes occurring in mitochondriaP@os during torpor.

3.4.2 ROS production at complex | is reduced duiimgrbout euthermia in
hibernators. Liver basal ROS production and FRL with glutamaterav both
considerably lower in interbout euthermic animélan summer active animals (Figure
3-1A,B) despite that mitochondrial respiration sali&ely do not differ between these
two euthermic states in liver (Armstrong et al. @0Xhung et al. 2011). This

significant reduction in basal ROS production ail_kvas only partially alleviated by
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rotenone, which fully reduces complex | and leadsaximal ROS production at this
site. This suggests that, while the capacity of glem| may be moderately suppressed
during interbout euthermia compared to summerdiégree of complex | reduction is
considerably lower during interbout euthermia tisammer in liver mitochondria and
drastically limits ROS production from this site rohg interbout euthermia (and
possibly also during the preceding arousal). Thiffer@nce is not simply a seasonal
effect, as basal ROS production rates and FRLrpid@nimals were more comparable
to those of summer active animals despite beingnaated to the same environmental
conditions as interbout euthermic animals.

As mentioned in the introduction to this chaptirring arousal, the tissues of
hibernating animals become reperfused following reoar days of ischemia. In
homeothermic species, reperfusion is associatel aviburst of ROS production that
causes considerable oxidative damage to reperftissdes. Heterothermic species
undergo repeated periods of reperfusion (durindn eaousal from torpor) yet do not
appear to suffer much oxidative damage, particplarlliver (Orr et al. 2009). This
suggests that some mechanism likely limits ROS<¢eduwamage during arousal.

There is convincing evidence that ascorbate dycmrmmay play a role in
degrading ROS during arousal from torpor in hibtarea(Drew et al. 1999; Ma et al.
2004). During torpor, plasma ascorbate levels m&ee significantly, and tissue
ascorbate levels are quite low; however, duringusa the opposite pattern is
observed, as plasma ascorbate moves into varssiges and is thought to degrade any
ROS produced. The present study moves our unddistpforward, and suggests that

simultaneous suppression of complex | ROS prodndtitd a decrease in its degree of
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reduction may be another contributing mechanismw Hloe degree of reduction of
complex | is kept low during interbout euthermiantg known, but there will likely be
considerable interest in elucidating this mechargrause it may have applications to
medicine for preventing tissue damage IR injuryimyrfor example, stroke and organ
transplantation. Whether a similar suppressionahmgex | ROS production occurs
during arousal from daily torpor could not be etlated in this study but warrants
further investigation.

3.4.3 Low body temperature during torpor reducestoahiondrial ROS
production and may alleviate ROS production durgxgusal. A decline in assay
temperature from 37°C to 10-15°C reduced basal R@8uction by 71-96% in all
tissues studied regardless of metabolic state (E8g8-3A,D, 3-5A,B, 3-7A,D, 3-9A,B).
Therefore, although torpor increases electron lkeak some sites of the ETC, this
should be more than compensated for by Igwidring torpor. On the whole, then, ROS
production should be reduced during torpor, coaststvith my hypothesis, and this
may help to explain both IR injury resistance asmbkvity in heterothermic mammals.

Changes in mitochondrial oxygen consumption do aletays lead to parallel
changes in mitochondrial ROS production (Barja 200But lower rates of
mitochondrial respiration with temperature mighvés ROS production by decreasing
electron flux through ROS-producing sites. Howevke, predominant mechanism for
lower ROS production at low temperatures is a dge@ean the degree of reduction of
both complex | and Ill at low temperature. By aathe, mitochondrial FRL was lower
at low temperatures in all tissues and speciesrdésggs of metabolic state (Figure 3-

3B,E, 3-5C,D, 3-7B,E, 3-9C,D), suggesting that algn proportion of electrons leak
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from the ETC (leading to ROS production) at low pamatures, likely because the ETC
is more oxidized at low temperatures. Keeping thtochondrial ETC oxidized via
passive thermal effects during torpor may be anomamt mechanism for preventing
ROS production during the subsequent reperfusiamguarousal. Kil et al. (1996)
showed that mild hypothermia in rat brains durisghemia reduced ROS damage
during subsequent reperfusion, perhaps by a simiéhanism.

The reason that ETC complexes are more oxidizéomatemperatures appears
to be that mitochondrial ROS production is moregerature-sensitive than respiration
rate. There are two reasons why ROS production thiighmore temperature-sensitive
than respiration rate. First, mitochondrial ROSduation is influenced by even small
changes im\¥r, (Korshunov et al. 1997; Votyakova and Reynolds120My data (not
shown), as well as data from others (Dufour etl8b6; Chamberlain 2004), suggest
that state 4AY, typically declines with temperature because prdéakiness (which
consumes\¥n,) is less temperature-sensitive than substrateatiwi (which generates
A¥y). This would alleviate ROS production but woulduadly stimulate substrate
oxidation, leading to differences in temperaturasgevity between ROS production
and oxygen consumption. Second, all ETC componemé&y not be uniformly
temperature-sensitive. In particular, if ETC com@ats upstream of ROS-producing
sites are more temperature-sensitive than ROS-ptiodu sites downstream, as
temperature declines, electrons will leave ROS-petidn sites faster than they arrive,
keeping the sites more oxidized. In support of ttuatention, complexes | and Il are
more temperature-sensitive than complexes Il ahdétween 5°C and 35°C in rat

hearts (Lemieux et al. 2010).
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To my knowledge, no previous studies have examtratperature effects on
mitochondrial ROS production in any mammalian spgcbut three previous studies
did examine temperature effects in several ectotiteanimals and showed different
results to the present study. In the mantle tisguen intertidal mud clam (Abele et al.
2002) and the qill tissue of an Antarctic bival\#e(se et al. 2003), there was no change
in FRL between 5 and 25°C or 1 and 12°C, respdgtiwdoreover, in body wall tissue
of a lugworm (Keller et al. 2004), FRL was highé¢rldC compared to 10°C in both
summer- and winter-acclimated animals. Therefamperature affects mitochondrial
ROS production in a fundamentally different way endotherms and ectotherms,
though the reason for this difference is uncleamight be worthwhile to determine
how temperature affects ROS production in homeateeto determine whether
temperature effects in heterotherms are represemtaf mammals in general, or
whether heterothermic animals show unique respnssmperature.

Therefore, in support of my hypothesis, my daggest that mitochondrial ROS
production is reduced during torpor. Low assay teragures, which should reflect low
Tp during torpor, reduce mitochondrial ROS productioa temperature effects that
slow down electron flux through the ETC and leamlthe oxidation of its components.
During arousal, the increased oxidation state @eERC during torpor may alleviate any
burst in mitochondrial ROS production as blood flosturns to tissues and oxygen
levels rise. In addition, in hibernators, mitochoadROS production from complex |
may be actively suppressed during arousal andbotéreuthermia, at least in liver,
further alleviating any mitochondrial ROS produatiduring the hibernation season.

Therefore, if plasma and tissues levels of ROS hagher during arousal, as some
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previous studies suggest (Okamoto et al. 2006; @hsbtand Hashimoto 2006), either it
is derived from sources other than the mitochon(kig., xanthine oxidase, NADPH
oxidase), or, despite reductions in mitochondri®3R production, the antioxidant

capacity remains overwhelmed.
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CHAPTER 4

Mitochondrial _metabolic _suppression _and reactive oxgen species (ROS)

production during euthermic fasting in mice and dwaf Siberian hamsters

4.1 Introduction

Many mammals in seasonal environments likely erpee periods of fasting
brought about by food shortage and/or environmesgaditions that preclude foraging.
During fasting, animals must rely entirely upon egenous energy reserves, and one of
the most important physiological responses thatigcduring fasting is a significant
suppression of mass-specific resting MR (up to 3®ikon and Stevenson 1957;
Munch et al. 1993; Fuglei and Oritsland 1999) thaturs with core Jfalling no more
than a few degrees (Markussen and Oritsland 1986jr&da et al. 2000). How this MR
suppression during fasting is achieved is not weltlerstood, but, as outlined in
Chapter 2 for hibernation and daily torpor, a rdte mitochondrial metabolic
suppression is feasible, given that mitochondria rasponsible for ~90% of whole-
animal oxygen consumption and have considerableralomver cellular energy
demands (Rolfe and Brown 1997).

Few previous studies have examined changes irchatarial respiration rates
and/or oxidative phosphorylation kinetics in fastedmmals compared to fed controls.
Liver mitochondrial state 3 and 4 respiration ratese up to 20% lower in fasted rats
than fed controls (Sorensen et al. 2006), buthat study, fed animals were actually
fasted overnight, which could have affected mitoahr@l properties. By contrast,

DiMarco and Hoppel (1975) found no difference inther state 3 or 4 liver
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mitochondrial respiration in fasted rats compamded controls. Bezaire et al. (2001)

and Cadenas et al. (1999) found no effect of fgstin state 4 respiration or proton

leakiness in skeletal muscle mitochondria mice ratsl respectively. lossa et al. (2001)
also found no difference in state 4 respiratiorskeletal muscle but observed higher
protein leakiness in fasted animals. Mollica ef{2006) showed that neither state 3 nor
state 4 respiration rates were lower in skeletadcteuof fasted rats, but proton leakiness
was higher. Therefore, it remains unclear whethigoahondrial metabolic suppression

characterizes fasting in mammals, and, to my kndgde no single study has fully

examined the effects of fasting on all three congmds of OxPhos, as most previous
work has focused on proton leak. Thus, the firgecve of this chapter of my thesis

was to determine whether mitochondrial respirai®mctively suppressed in liver of

euthermic mice and dwarf Siberian hamsters fasied40 hours compared to animals
fed ad libitum. In addition, | wanted to determiwvlich components of OxPhos were
responsible for any suppression observed.

Mice and hamsters were chosen as the comparatdelmfor this fasting study
for three reasons. First, both of these speciessarall, having little capacity for
endogenous energy storage yet a high mass-speodfiabolic rate. Therefore, they
should both be especially prone to the effectsaasfifig. Second, mice and hamsters are
comparably-sized rodents, yet they respond tonfigdti considerably different ways.
Dwarf Siberian hamsters do not undergo torpor wfested, except under extreme
conditions of body mass loss (>25%; Ruby and Zud&92), whereas, house mice
undergo torpor when fasted soon after food is vetthtiHudson and Scott 1979). Given

that daily torpor likely contributes significanttp a reduction of energy expenditure
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during fasting in mice, | would predict that hamsteither have higher rates of body
mass loss during fasting than mice or, if mitoch@idmetabolic suppression is a
mechanism of MR suppression, then the extent aahdndrial metabolic suppression
during euthermic fasting should be greater in harsshan mice to compensate for the
lack of torpor expression in hamsters. The thirdsom for comparing mice and
hamsters is that, in Chapter 2, | demonstratedvectnitochondrial metabolic
suppression in liver and skeletal muscle in toipattaily heterotherms and hibernators,
where MR is suppressed up to 70% and 95% compar83R. My interpretation of
these observations is that active mitochondrialalmaic suppression is a mechanism
contributing to MR reduction during torpor. Howeyvactive mitochondrial metabolic
suppression merely correlates with MR suppressiotoipor, and there is no direct
evidence of a causal link between active mitochiahanetabolic suppression and MR
reduction. By examining mitochondrial respiratiamridg fasting in mice and hamsters,
I can determine whether active mitochondrial meliabsuppression occurs in other
hypometabolic states, even without simultaneoysotoexpression.

In addition to any effects on mitochondrial regation, fasting, like torpor, may
also have effects on mitochondrial ROS product@alorie restriction (typically 40%
of ad libitum feeding) has been the subject of mexperimentation since McKay and
Crowell (1934) showed that calorie-restricted riwed longer than ad libitum-fed
controls. A role for oxidative stress in explainitige calorie restriction phenotype
became well-established in the early 1990s, asvéauof studies reported that damage
to DNA, proteins, and lipids were reduced in caaestricted animals compared to ad

libitum fed controls (Sohal et al. 1994; Lass et1898; Gredilla et al. 2001; Lopez-
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Torres et al. 2002). Several studies showed ttduced rates of mitochondrial ROS
production in a number of tissues of calorie-regtd animals may be a contributing
mechanism to the slower accumulation of oxidatiemdge and the longevity of
calorie-restricted-animals (Gredilla et al. 200&vBacqua et al. 2005).

By comparison, only a single study has previoushgstigated how more severe
food restriction (i.e., fasting) affects mitochordlrROS production. Sorensen et al.
(2006) showed that fasting increased ROS produdtiom complex Il in rats by
increasing the degree of reduction of the ETC. d@toee, the third objective of this
chapter of my thesis was to measure liver mitochahBOS production during fasting
by comparing fed animals to 40h-fasted animalsadidition, | have attempted to

correlate changes in ROS production with changesmled in OxPhos.

4.2 Experimental Procedures

4.2.1 Animals and fasting protocolThis project was approved by the local
Animal Use Subcommittee (protocol 2008-055-06) eadformed to the guidelines of
the Canadian Council on Animal Care. Female Badin/d CD1 mice, 2-3 months old,
were obtained from Charles River Laboratories. MamstersRhodopus sungorjsl
month old, were obtained from Dr. Katherine Wynri@ards (Queen’s University,
Kingston, Ontario, Canada). Animals were maintaimedur facilities at the University
of Western Ontario for at least 2 months priorampling. Animals inhabited cages (30
x 18 x 13 cm) filled with bedding and nesting materMice consumed water and
standard rodent chow (ProLab RMH 3000, LabDiet)ilsitbm, and were maintained at

20 £ 1°C on a 12-hour photoperiod. Hamsters condumater and modified rodent
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chow containing 5.5 mg linoleic acid'gliet (Gerson et al. 2008) ad libitum, and were
maintained on a 14-hour photoperiod to prevent spaous daily torpor. In both mice
and hamsters,,lwas monitored as described in Chapter 2.

Two days prior to sampling, food (but not wategswemoved from fasted mice
and hamsters, whereas fed animals were allowedntincie ad libitum feeding. Fasting
induced torpor in mice, but mice were sampled whethermic. As | had found,T
effects on mitochondrial metabolism of euthermionais when F was below 36°C
(see Chapter 2), euthermic fasted mice were sangpigdwhen T, was greater than
36°C. No fasting-induced torpor was observed inlzyster.

4.2.2 Mitochondrial isolation, respiration rate, inletics of oxidative
phosphorylation, and ROS productigkll animals were killed by anaesthetic overdose
(Euthanyl, 270mg mt., 0.2 mL 100 d). The liver was immediately removed, weighed,
and transferred to ice-cold homogenization buféed mitochondria were isolated via
differential centrifugation using the method delsed for mice and hamsters in Chapter
2. Mitochondrial respiration rates were measuredngustemperature-controlled
polarographic @meters (Rank Brothers), an¥, was measured using TR&ensitive
electrodes (World Precision Instruments), as deedrifor mice and hamsters in
Chapter 2. OxPhos kinetics were measured at 379Qg usuccinate. In addition,
glutamate-fueled state 3 and 4 respiration rate® weeasured. Both procedures were
described in Chapter 2 for mice and hamsters. Maodrial ROS production
(measured as J@, release rate) was measured at 37°C using perexidasl
homovanillic acid, as described in Chapter 3. FRiswalculated using the equation

from Barja et al. (1994).
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4.2.3 Data analysidData are presented as means + SEM. Differencesiabew
animal characteristics, mitochondrial respirati@ter ROS production rate, and FRL
between metabolic states were determined usinghargklinear model, with species
and metabolic state as factors. Non-significaneraxttions were dropped from the
models. These analyses were completed using SA®Bferences in OxPhos kinetics
between fed and fasted animals were determined) @ésocustom-designed algorithm in
Microsoft Excel 2003 (Appendix A), and control chi@kents were calculated as
described in Hafner et al. (1990; see also ApperdixData for mice and hamsters
were analyzed independently for these kinetic a®aly P values reported indicate

differences in the kinetic curves only at staten@ 4 respiration.

4.3 Results

4.3.1 Effect of fasting on whole-animal characteristi¢zior to the fasting
experiment, there was no difference in body madwden those animals that were
subsequently fasted and those that remained fedibadm, although there were
differences in body mass among species, being sighelwarf Siberian hamsters and
lowest in Balb/c mice (Figure 4-1A). Fasting dumatidid not differ among species
(41.4 h = 3.4 across all species), and body madidd by about 10% per day in both
mouse strains during fasting, but declined only 8% amsters (Figure 4-1B). Mass-
specific daily caloric intake did not differ amosgecies (Figure 4-1C) despite that
mice were kept at 20°C and fed a standard rodent(8i36 kcal g), whereas hamsters
were kept at 15°C and fed a diet enriched in liiwozid (3.58 kcal §; Gerson et al.

2008). In addition, in both mice and hamsters,igstaused Jto decline 1-2°C during
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both the scotophase and photophase (Figure 4-1D3¥apling, liver mass was 30-
40% lower in fasted mice compared to fed mice,noudifference was seen in hamsters
(Figure 4-1E). As a result, the hepatosomatic infieer mass/body mass; HSI) also
declined during fasting in mice but not hamstergenestingly, when fed, HSI was
higher in mice than hamsters but fell to the lesfehamsters in fasted mice (Figure 4-
1F).

4.3.2 Liver mitochondrial respiration and oxidatiyghosphorylation kinetics
measured during fastingtate 3 respiration fueled by glutamate was 22-83Wer in
fasted animals than fed animals in both strainsnafe and hamsters (Figure 4-2A).
State 4 respiration, on the other hand, did ndedibetween fed and fasted animals
(Figure 4-2B). Moreover, neither state 3 (Figur@Q) nor state 4 (Figure 4-2D)
respiration rate with succinate differed betweeahdad fasted animals in either mice or
hamsters.

Substrate oxidation activity at stateA¥, values differed between fed and
fasted animals only in Balb/c mice (Figure 4-3Ahese it was higher in fasted animals;
at state 4A¥,, values, on the other hand, substrate oxidatioivigctdid not differ
between fed and fasted animals in Balb/c micewast lower in both CD1 mice (Figure
4-3B) and hamsters (Figure 4-3C). ADP phosphotaactivity was lower in fasted
animals in both Balb/c mice (Figure 4-4A) and harstFigure 4-4C), and showed a
similar trend in CD1 mice (Figure 4-4B) but failéal achieve statistical significance.
Interestingly, in both mouse strains, IMM protoakaess was higher in fasted animals
compared to fed animals (Figure 4-5A,B), but did difer between fed and fasted

hamsters (Figure 4-5C).
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Table 4-1 summarizes the distribution of controlfPhos in fed and fasted animals.
In both mouse strains, substrate oxidation hadrtbgrity of the control over state 3
respiration rate in fed animals, and fasting ledlitile change in this pattern. By
contrast, in hamsters, while substrate oxidatiod tiee majority of control in fed
animals as well, it had less control than in fedeniMoreover, when hamsters were
fasted, the control exerted by substrate oxidatieneased considerably, while that of
ADP phosphorylation declined concomitantly. Witlgaeds to state 4 respiration, in all
species, proton leak had most of the control, thaihg extent of its control tended to
decline during fasting, particularly in CD1 micedamamsters.

4.3.3 Liver mitochondrial ROS production duringtfiag in mice and hamsters.
In liver, basal ROS production rates (measuredhénabsence of ETC inhibitors acting
downstream of ROS-producing sites) with both glaten(Figure 4-6A) and succinate
(Figure 4-6B) did not differ between fed and faséeimals in either strain of mice or
hamsters. Similarly, FRL also did not differ betwded and fasted animals in either
species with either substrate (Figure 4-6C,D). Heremaximal ROS production was
up to 40% and 57% lower with glutamate (Figure 4-&&d succinate (Figure 4-6F),

respectively, in all species.
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Table 4-1. Distribution of control over liver mitochondrial respiration by the three

components of oxidative phosphorylation at 3T in fed and fasted mice (Balb/c

and CD1 strains) and dwarf Siberian hamstersOverall control coefficients for state

3 (A) and state 4 (B) were calculated using thermedues of membrane potential and

respiration rate from kinetic curves in Figures, 43!, and 4-5, as well as the equations

described in the Materials and Methods.

A. Balb/c Hamsters
Fed Fasted Fed Fasted Fed Fasted
Substrate 0.92 0.85 0.80 0.85 0.65 0.78
Oxidation
ADP 0.10 0.14 0.19 0.15 0.32 0.18
Phosphorylation
Proton -0.02 0.01 0.01 0.0 0.03 0.04
Leakiness
B. Balb/c Hamsters
Fed Fasted Fed Fasted Fed Fasted
Substrate 0.40 0.40 0.40 0.48 0.30 0.40
Oxidation
ADP 0 0 0 0 0 0
Phosphorylation
Proton 0.60 0.60 0.60 0.52 0.70 0.60

Leakiness
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Figure 4-6. Effect of fasting on liver mitochondrid ROS production measured at
37°C in mice (Balb/c, CD1) and hamstersBlack and grey bars represent fed and
fasted animals, respectively. Mitochondrial redpora was fueled by glutamate (left-
hand panels) or succinate (right-hand panels). Blatavn are mean = SEM. N=4 for
fed and fasted mice in both strains, N=8 for fed tasted hamster$, P < 0.10%, P <
0.05, compared to fed animals. Differences amorerisp are shown using letters,

where species that do not share a common lettesigméicantly (P < 0.05) different.
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4.4 Discussion

4.4.1 Liver mitochondrial metabolic suppression reteéerizes hypometabolism
in mammals.Liver mitochondrial state 3 respiration rate meaduat 37°C was
suppressed during euthermic fasting in both miak leamsters with glutamate but not
succinate. This suggests that glutamate trans@tl, and/or complex | are likely
sites of suppression of mitochondrial metabolismrdufasting, as these are unigue to
glutamate oxidation, whereas other components ef EAC are also shared with
succinate oxidation. It also supports the notiaat thypometabolism—whether during
euthermic fasting or torpor—may be achieved, irt,gar liver mitochondrial metabolic
suppression. In addition, during torpor in both enitators and daily heterotherms,
animals are necessarily fasted for hours to dayd gaonths), and it is possible that the
extent of active mitochondrial metabolic suppressibserved in liver during torpor (in
Chapter 2) represents only part of the total extéaictive suppression that occurs. That
is to say, it is possible that effects of fastingd &orpor on mitochondrial metabolic
suppression are additive, and the total extentippsession achieved during hibernation
or daily torpor may be greater than observed in p@#ra2, though testing this
hypothesis would be difficult.

While active suppression of mitochondrial resparat during fasting is
consistent with the hypothesis that mitochondriatabolic suppression contributes to
MR suppression during all hypometabolic stateswduld appear that common
mechanisms are not involved in bringing about nhitaarial inhibition during both
torpor and fasting. For example, in the presendytuglutamate oxidation was

suppressed during fasting in Balb/c mice (Figui®,4but glutamate oxidation was not
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suppressed during torpor in this same strain (EigRH2). At the same time, while
succinate oxidation was not suppressed duringiigati any species/strain (Figure 4-2),
it was suppressed during torpor in both Balb/c naicd hamsters (Figure 2-2; Brown et
al. 2007). Nevertheless, the sites that were stiggedove to be involved in inhibition
of glutamate oxidation (glutamate transporter, G@Hd/or complex ) during fasting
were all suggested as possible sites of inhibidioring torpor in these species as well.
This suggests that, while there may be variatiotihéprecise mechanisms employed to
suppress mitochondrial metabolism during hypomeéialperiods, only certain sites are
ever inhibited.

ADP phosphorylation activity was also suppressediviar during euthermic
fasting in mice and hamsters, although it contebutlittle to suppression of
mitochondrial respiration. ADP phosphorylation waet suppressed during daily
torpor, except in Balb/c mice (Chapter 2), wheralgo made little contribution to
mitochondrial metabolic suppression, but it waspsagsed during torpor in hibernating
animals, though, again, it played only a minimderm suppression of mitochondrial
respiration. The role of ADP phosphorylation inkidm during euthermic fasting is
unclear, though, as discussed for torpor, it may gome role in maintainingg¥ .
Proton leakiness was increased during fasting senm the present study (Figure 4-5).
Increased proton leak during fasting has been teggreviously in some (lossa et al.
2001; Mollica et al. 2006) but not all studies (Bee et al. 2001). It was also higher
during daily torpor in hamsters (Brown et al. 20@Ay ground squirrels (Figure 2-10).
Therefore, reducing proton leakiness is not likelyrinciple mechanism for suppressing

mitochondrial metabolism during either fasting anpbor.
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4.4.2 Fasting reduces ROS production capacity mtikaneously increases the
degree of reduction of the mitochondrial ETXkither basal ROS production nor FRL
increased in liver mitochondria from fasted mice lbamsters, in contrast to
observations in rats. Sorensen et al. (2006) obdemhigher rates of basal ROS
production in fasted rats compared to fed contienhsl Domenicali et al. (2001) showed
that levels of malondialdehyde (an indicator ofdative damage to fatty acids) were
higher in liver of rats during fasting. These diffieces among rodent species might
reflect a differential response to fasting betwebpterothermic and strictly
homeothermic mammals. The difference between tasept study and previous work
seems to relate to changes in mitochondrial ROSyatoon capacity during fasting.
Sorenson et al. (2006) showed no change in maxR@6 production rates with
fasting, whereas the present study showed lowermadROS production rates at both
complex | and Ill with fasting. The reason the loweaximal ROS production rate in
the present study was not reflected in measurene¢itasal ROS production or FRL is
likely that the degree of ETC reduction is simu#fansly increased; thus, under basal
conditions, mitochondria are operating more closeltheir maximal capacity. The data
from Sorenson et al. (2006) also suggest an inerga€TC reduction state during
fasting, which, in the absence of suppressed RO8ugtion capacities, leads to higher
rates of basal ROS production and FRL. Thus, tleeee similarities in the fasting
response among rats, mice, and hamsters (in terthe adegree of ETC reduction) but
there are also differences (in terms of ROS pradoatapacity).

As discussed in the previous chapter, the degfeeeduction of the ETC

reflects the relative rate at which electrons ai@ and leave sites of ROS production;
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therefore, during fasting, electrons must be legvsites of ROS production more
slowly than they arrive. This suggests that siasrdstream of both complex | and I
must be inhibited during fasting. Again, as withpiar, respiration data in the present
thesis do not suggest any sites downstream ofredbeaplex | or Il are inhibited
during torpor; however, as discussed in the previclhapter, some downstream sites
(e.g., cytochrome ¢, complex IV) could be inhibithaing fasting, which would cause
the upstream components of the ETC to become nexteced without necessarily
affecting mitochondrial respiration because cytoae ¢ and complex IV have little
control over mitochondrial respiration. Therefamgy data suggest that both torpor and
fasting may be characterized by mitochondrial matabsuppression of the ETC
downstream of the ubiquinone pool which causesnarease in ETC reduction state,
though only in torpor does this lead to higher saté mitochondrial ROS production
under basal conditions. In both cases, this dowastrETC suppression site has no
impact on mitochondrial respiration rate.

By comparison to fasting, long-term (> 6 montlts)lorie restriction and
alternate day fasting (ADF) both lower basal compleROS production in other
species by decreasing the degree of reductionroplEx | (Gredilla et al. 2001; Lopez-
Torres et al. 2002; Hagopian et al. 2005). Theegfdrwould appear that fasting and
calorie restriction change the degree of reduatibthe mitochondrial ETC in opposite
ways. Why moderate forms of food restriction like%4 calorie restriction should have
the complete opposite effect of fasting (rathentha effect or a blunted effect in the
same direction) is not entirely clear, especiailyeg both fasting and calorie restriction

lead to similar changes in gene expression in ifBeeier et al. 2004). One contributing
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factor may be that neither MR (Masoro 2005) noerimitochondrial respiration rate
(Gredilla et al. 2001; Lopez-Torres et al. 2002)AArP production rate (Drew et al.
2003) are depressed in calorie restriction, expegtaps in quite long-term studies with
older animals (Lambert et al. 2004; Hagopian e2@0D5).

4.4.3The fasting response differs in hamsters and mig¢bkeaorganismal level.
Despite being housed under somewhat different tiondi and showing a significant
difference in body mass, the hamsters and mice ims#ds study had the same daily
energy expenditure, as inferred from food consuomptiata; however, when fasted, the
rate of body mass loss was 55% lower in hamstargpaced with mice. | had predicted
that hamsters might have higher rates of body nasss since they do not undergo
daily torpor and they do not appear to suppressandndrial metabolism during fasting
more than mice. It is possible that hamsters salktianal energy via mechanisms
other than suppression of liver mitochondrial metisin, but | do not believe that this
is the case. The body mass of the hamsters udeé present study was, on average, 8
g higher compared to mice, but liver mass did niberdbetween the two species. This
latter observation suggests that the higher bodgsnod hamsters does not reflect a
larger body size per se, but rather a higher badycbntent. Consistent with this
observation, the total fat content of mice is répdrto be 4 g (Reed et al. 2007),
whereas the total fat content of hamsters is regdotd be ~12 g (Bartness and Wade
1985), which reflects the difference in body madssesved between our two
experimental species. Assuming that the energyecomtf body fat is 9.4 kcal'yPike
and Brown 1984), hamsters have enough fat to seifarvnearly 5 days, whereas mice

have only enough fat to survive for less than tvaysd Therefore, over the 40 hour
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period of fasting used in the present study, hamsteuld utilize fat nearly exclusively,
whereas mice would likely have to utilize other studites (i.e., carbohydrates, proteins)
to complement their fat use. Consistent with thigdthesis, liver mass declined during
fasting in mice, likely representing glycogen déple, which occurs quickly in fasted
small rodents (Mosin 1982), whereas liver mass mtl decline during fasting in
hamsters, likely reflecting glycogen sparing. Tdif§erential substrate utilization could
explain the difference in rate of body mass losscé&fat is more than twice as energy
dense as lean mass, if hamsters use predominamtlyhien fasted, whereas mice use
both fat and lean mass, even if both species haesame energy expenditure rates,
body mass will decline at a faster rate in micasTbservation that the amount of pre-
fasting fat storage might correlate with fastingl@rance is consistent with previous
work in penguins, where Gentoo penguins (which havg 9% body fat) fast only a
few days whereas King penguins (which have 30% katlyare known to fast for
weeks to months (Cherel et al. 1993). It can peyhag inferred that the extent of
energy savings that can be achieved during eutkdasiing is constant across species,
and differences in fasting endurance are largelyedrby the quantity of fat reserves.
The differential substrate utilization may als@kn why mice undergo daily
torpor when fasted, as soon as 8 hours after tastagins, whereas hamsters do not.
Mice have less available endogenous energy anctftine, may have a greater need for
energy savings during periods of fasting. While &ers could presumably save energy
via daily torpor as well, the fact that these ang@ not undergo torpor likely supports
the notion that daily torpor has costs (Deboer @nbdler 1994; Wojciechwoski and

Jefimow 2006) and, therefore, is not employed wilescessary. Consistent with this
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hypothesis, studies that have shown daily torpdoau-restricted long-day acclimated
hamsters (Ruby and Zucker 1992) have demonstragddrpor occurs only after more
than 25% of body mass is lost. Given that about 80%ody mass in hamsters is fat, it
is likely that once the 25% body mass loss thrakhsl surpassed, the hamsters’
endogenous energy storage levels are sufficiemly to necessitate daily torpor.
Consistent with this notion, Bae et al. (2003) halvewn that moderate food restriction
can elicit torpor in juvenile dwarf Siberian hamstewhich may reflect that these
animals likely have smaller fat reserves than adufiore akin to mice.

4.4.4 SummarnyLiver mitochondrial metabolism is suppressed dugnthermic
fasting in both mice and hamsters, and the sitiisfsuppression is likely glutamate
transporters, GDH, or complex I. This finding sugpdhe notion that mitochondrial
metabolic suppression contributes to MR suppressidaring mammalian
hypometabolism. As during torpor, suppression otoationdrial metabolism also
increases the reduction state of the ETC, sugggsiat fasting may increase oxidative
stress, unlike CR, which has been shown previowsheduce ETC reduction state and
alleviated oxidative stress. Finally, higher leveldody fat in hamsters may reduce the
rate of body mass loss and glycogen depletion duiiasting, and may explain why

hamsters, unlike mice, do not undergo torpor ipoese to fasting.
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CHAPTER 5

General Discussion and Perspectives

5.1 My thesis and beyond: what are the big ideas?

5.1.1 Active, regulated mitochondrial metabolic ggssion plays an important
role in reducing metabolic rate during mammalianpbgnetabolism.My thesis
demonstrates that the oxidative capacity of lived akeletal muscle mitochondria is
actively suppressed as much as 70% during peribttemor and fasting in mammals,
conditions where MR is reduced by 30-99% comparmdrasting levels. These
observations are consistent with previous work @gkateva et al. 1985; Gehnrich and
Aprille 1988; Brustovetsky et al. 1989; Martin ét 2999; Barger et al. 2003; Muleme
et al. 2006; Sorensen et al. 2006; Brown et al.72@erson et al. 2008; Armstrong et
al. 2010; Chung et al. 2011) and have led me toclode that actively reduced
mitochondrial oxidative capacity is one mechanisiat tontributes significantly to the
suppression of MR during hypometabolic periods iammals. Liver and skeletal
muscle are responsible for up to 12% and 26% of BMBpectively, in small mammals
(Martin and Fuhrman 1955), and mitochondrial resmn is thought to be responsible
for as much as 90% of MR (Rolfe and Brown 1997)er€fore, active mitochondrial
metabolic suppression in the tissues so far exairias the potential to account for up
to 16% of the reduction in MR observed during hyptabolism (see Table 5-1 for
details). Therefore, in the present thesis, | hestablished that mitochondrial metabolic

suppression characterizes mammalian hypometabadisch] have elucidated some of
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the mechanisms involved, particularly inhibition obmplex | and Il. Studies of

mitochondria from other metabolically-active tissusuch as brain, kidney, and gut,
which together account for an additional 20% of BiMRartin and Fuhrman 1955), are
now needed to help us to better appreciate thepidéntial contribution of active

mitochondrial metabolic suppression to the overslippression of MR during

hypometabolism and whether similar mechanisms rarelved in bringing about this

metabolic suppression in all tissues.

To date, all previous studies of mitochondrial abelism during
hypometabolism in mammals had examined only oneimgbabolic state (i.e., torpor
or fasting, but never both) in any given speciase @ovel aspect of this thesis was that
it demonstrated that active mitochondrial metabslippression occurs during various
kinds of hypometabolism (i.e., both daily torpodaiasting) within the same species.
This is important because it lends strength to toaclusion that mitochondrial
metabolic suppression contributes to MR supprespemse in mammals. However,
despite this novel approach to examining the rofe notochondrial metabolic
suppression to MR reduction, | must remain cogriiraithe fact the that lower rates of
mitochondrial respiration from hypometabolic anismabserved in the present study
may yet be a consequence of other changes that docing hypometabolism, and
mitochondrial metabolic suppression itself mayfdat, play no role in reducing MR.
Mitochondrial membrane composition has been to shdw change during both
hibernation (Armstrong et al. 2010; Chung et allP0and fasting (Sorensen et al.
2006), and whole liver phospholipid composition rofpas during daily torpor (JCL

Brown, unpublished results). Membrane phospholgmchposition is known to affect
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the activity of membrane-bound enzymes (Wu et 8012 2004), and changes in
membrane composition have been shown to correléte mitochondrial respiration
during metabolic depression in lungfish (Frick &t 2010). Therefore, mitochondria
from hypometabolic animals could have slower mitoadrial respiration rates merely
because of the effects of changes in membrane tigroduring hypometabolism.
Consistent with this notion, Gerson et al. (2008)oweed that modulation of
mitochondrial membrane phospholipid compositionldaaileviate the occurrence of
liver mitochondrial metabolic suppression duringptr without affecting the extent of
MR suppression. However, as | have proposed th@teamitochondrial metabolic
suppression plays its most significant role durmgrance into torpor, when, Ts still
high, it may have been the rate of MR decline thatild have differed in Gerson et al.
(2008) rather than torpid MR, though this was n@reined.

In reality, it may be quite difficult to establish definitive causal role for
mitochondrial metabolic suppression in the reducitd MR during hypometabolism.
Armstrong et al. (2010) showed that OAA levels iwvelt increased during torpor in
hibernating ground squirrels, and OAA binding tangdex Il suppressed its activity
and accounted for about 25% of the suppression itifchondrial respiration during
torpor. While this provides evidence that some comegmt of mitochondrial OxPhos is
directly modified during torpor, it remains possithat increased levels of OAA in
liver and its subsequent binding to complex Ilhe indirect result of changes in the
activity of the many enzymes that affect OAA leveismitochondria (Marco et al.
1974). Blackstone et al. (2005) reported that iethdhS caused a depression of MR

and T, in mice, reminiscent of natural torpor, and MR andeturned to resting levels
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when HS was removed. ¥ is a known inhibitor of ETC complex IV (Cooperdan

Brown 2008), and so the observations of Blacksttna. (2005) support the principle
that reversible mitochondrial metabolic suppressian be a mechanism for reversible
MR suppression. Volpato et al. (2008) further shobweat HS depresses MR in mice

even in the absence of a change in(ile., even when Jis 35°C), suggesting that

mitochondrial inhibition can even be a mechanism &stive MR suppression.

Unfortunately, more recent studies have shownHhh8tactually stimulated metabolism
in piglets (Li et al. 2008). Whether this refledtsat piglets are comparatively large
animals, or that the links between mitochondriatl avhole-animal metabolism are
stronger in heterothermic animals, remains to lerdened.

While studies of isolated mitochondria have pded valuable information
about how and the extent to which mitochondrial abhetism is reduced during
hypometabolism, whether these results can be etatga to the in vivo condition is
unclear. Isolated mitochondria are studied underditmns that may not completely
reflect the cellular environment. In particularspéation rates of isolated mitochondria
are measured using saturating concentrations pfragésry substrates, as well as air-
saturated levels of oxygen, in order to assessgasam maximal rates of mitochondrial
respiration. However, cellular substrate conceiatnat are likely not saturating (lles et
al. 1985; Lewandowski et al. 1996), and oxygen Iewe the cell are thought to be
considerably lower than air-saturation (Chen e1885). All of these factors may affect
measurements of mitochondrial respiration. In faetent work by Reynafarje and
Ferriera (2008) has suggested that oxygen contemtranay be one of the most

important determinants of mitochondrial respiratrate and ATP synthesis capacity,
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and Gnaiger and Kuznetsov (2002) suggest that aoafrmitochondrial respiration

shifts towards complex IV at low oxygen levels, @aating for the stoichiometric

“excess” of this ETC complex in some tissues (Schmann et al. 1989). Moreover,
substrate concentrations and oxygen levels may gehaluring hypometabolism, a
factor which has been ignored in studies of isdlatgtochondria. Therefore, while
studies like mine provide definitive evidence thatochondrial metabolism is inhibited
during periods of hypometabolism, future studies isblated mitochondria in

hibernation and daily torpor should focus on exangnthe effect of substrate and
oxygen levels on mitochondrial metabolism, and sssehether the changes in
mitochondrial metabolism that | have demonstratedng hypometabolism still have
an observable impact on mitochondrial respiratiaden conditions that better reflect
the cellular environment.

5.1.2. Food consumption rates affect mitochondE&IC reduction stateMy
thesis clearly shows that the degree of reductioth® mitochondrial ETC increases
during fasting in small rodents, as was observedis by Sorensen et al. (2006). This
observation contrasts previous work (Gredilla et 20001; Bevilacqua et al. 2005)
showing that 40% (though neither 8.5% nor 25%; Goeteal. 2007) calorie restriction
decreased the degree of reduction of the mitochalneli C. These observed changes in
mitochondrial ETC reduction state during caloristrietion and fasting are consistent
with observations that 40% calorie restriction @RI oxidative damage to tissues
compared to ad libitum feeding (Sohal et al. 199s et al. 1998; Gredilla et al. 2001;

Lopez-Torres et al. 2002) whereas fasting increageslative damage instead



172

(Domenicali et al. 2001). They have also been tasisbfor much of the research
examining the practicality of calorie-restricte@tdiin humans (Hursting et al. 2003).

The term calorie restriction may be misleadinghattit implies that ad libitum
feeding rates in rodents are “normal”. In fact, llkum feeding is not normal and
produces animals that are essentially obese (R@&;19/eindruch 1996). If we
consider calorie-restricted diets as the “normatérof food intake instead, then it can
be concluded that normal rates of feeding mininuxelative stress, whereas both ad
libitum feeding and fasting lead to deleterious Yageight changes and increased
oxidative stress. Interestingly, the notion tharéhmay be links between body weight,
aging, and disease are only beginning to be exgploredetail (Ahima 2009) despite
some early research (e.g., Pariza 1987). Many euthave reported that calorie
restriction has negative effects on growth and aepction, and, on this basis, it is
believed that calorie-restricted diets cannot lelue practice as an approach to reduce
disease incidence or aging rates in humans. Howévaray be instead that animals
must continuously match their energy intake to rthenergy demands in order to
simultaneously optimize reproduction/growth andva@. That is, chronic calorie
restriction may not be feasible because animalst nmesease their food intake (to
levels more comparable to ad libitum feeding) dyriperiods of reproduction
and/growth in order to meet their increased enégyands. While this may result in
animals paying a cost in terms of oxidative strébgs cost is likely offset by the
selective benefits of larger body size and/or affgpproduction.

5.1.3 Alleviation of oxidative stress may have gbuated to the evolution of

hibernation and daily torpor in small mammalhe evolution of hibernation and daily
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torpor remains a contentious issue. Some authdrsvbethat these phenomena are
ancestral traits in the mammalian lineage, giveairtlwidespread occurrence and
phenotypic similarity in protherians, metatheriaasg eutherians, and even some birds
(Augee and Gooden 1992), as well as their occuerencquite primitive mammals
(Lovegrove et al. 1999). Other authors (e.g., Kagtial. 2004) believe that hibernation
and daily torpor are derived traits that represespecialized environmental adaptation
and possibly a paedomorphic trait. Still otherg.(eGeiser 2008) show that torpor may
be an ancestral trait in marsupials but a derivedracter in placental mammals.
Regardless of whether mammalian torpor is ancestrdérived, the selective pressures
that drove the evolution of mammalian torpor aré fatly understood. Geiser (1998)
suggested that, whatever the particular selectigesprre, body size plays an important
role in whether a species uses torpor or not, watpor occurring most frequently in
small mammals.

The most common explanation for the lack of torgogpression in large
mammals is based on energetics because most aummolisitly accept that energy
conservation was the primary selective pressuredittave the evolution of hibernation
and daily torpor, although Humphries et al. (2083)gests that there is little empirical
evidence to support this notion. Small mammals Hagber mass-specific BMR than
large animals, but the minimal MR than can be addeluring torpor is the same in all
mammals regardless of body mass (Heldmaier et(l4)2 Therefore, the extent of
energy savings that can be achieved in large asirmahought to be much smaller than
the energy savings that can be achieved in smathmas, which is why large

mammals seldom use torpor.
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A recent study by Geiser and Turbill (2009) swsigd that strictly
homeothermic mammals were more prone to past éxtinc suggesting that
hibernation and daily torpor are beneficial traithose loss of expression in some
mammals has been detrimental to their fitness.nEttin is most common in large
mammals (Cardillo et al. 2005), and most large matardo not undergo daily torpor or
hibernation. Therefore, it seems reasonable toesigbat large mammals may be more
susceptible to extinction because they do not galésrpor. This suggests that large
animals do not undergo torpor not simply becausebénefits may be comparatively
small—as would be predicted if energetics werentiagn selective pressure driving the
evolution of torpor—but because the costs may bapewatively high. | believe my
data are consistent with this prediction. MitochoaldROS production likely declines
during torpor largely due to passive thermal efees T falls, given that low
temperature greatly reduced mitochondrial ROS pton in all tissues, but when
mitochondrial ROS production was measured at 3it°®as higher in torpid animals,
particularly at complex Ill. In small mammals, ibhion of MR leads to a concomitant
large decline in § because the surface area-to-volume ratio is daite; by contrast,
in large mammals, a similar MR inhibition may Igadonly a small drop in g if any,
because the surface area-to-volume ratio is quitalls Therefore, while small
mammals can take advantage of passive thermalteffat ROS production, large
mammals cannot, and, in fact, large mammals mayabygtface higher levels of
oxidative stress during torpor because of highesraf mitochondrial ROS production.
Therefore, large animals may, indeed, face higlestscduring torpor—in terms of

oxidative stress—than small mammals, which mayIpdecthe use of torpor in large
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Table 5-1. Potential contribution of mitochondrial metabolic suppression to
basal metabolic rate (BMR) reduction during hypomegabolism. For each tissue, the
maximal suppression of state 3 respiration rateeesl is indicated for each species.
Below this value, in parentheses, is this suppoessiultiplied by the % contribution to
BMR of the patrticular tissue, which indicates theeat to which suppression of this
tissue could reduce metabolism below basal leVas.each species, the sum of these
values in parentheses appears in the total colBalow this value, in parentheses, is
the proportion of total suppression of BMR (90%hibernation; 70% in daily torpor;
and 30% in fasting) that is represented by thd toieopchondrial metabolic suppression

observed. Data for all strains of mice were comthine

Liver Skeletal Muscle Heart Total
% BMR 12 26 0.5 38.5
Hibernation
Ground Squirrels 70% 32% -- 16%
(8%) (8%) (16%)
Daily Torpor
Mice 31% -- -- 4%
(4%) (5%)
Hamsters 70% -- -100% 7.5%
(8%) (-0.5%) (10%)
Euthermic Fasting
Mice 25% -- -- 3%
(3%) (10%)
Hamsters 25% -- -- 3%

(3%) (10%)
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mammals. Indeed, there is some support for themdtiat potential oxidative damage

may prevent the expression of torpor (Frank ande$t995).
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APPENDIX A

A guantitative approach to top-down elasticity anaysis

A.1 Calculating coefficients for top-down elasticy analysis

A.1.1. Flux control coefficient€ells often carry out chemical reactions via a
series of intermediate steps called metabolic payswEach intermediate step in a
metabolic pathway has the potential to influenaertite at which the overall chemical
reaction takes places, and this can be describedtitatively as the flux control
coefficient for that step. Given that every metabglathway must be completely
controlled by the intermediate steps of which tasnprised, the sum of the flux control
coefficients for all the intermediate steps of angtabolic pathway is, by definition,
equal to 1 (Fell 1992). Intermediate steps whoge ¢ontrol coefficient is closer to 1
have more control over the overall reaction ra@ntintermediate steps whose flux
control coefficient is closer to zero.

OxPhos is an example of a metabolic pathway. Uistlle 3 conditions, the
overall reaction—which is the oxidation of a reddicibstrate for the production of
ATP—is carried out by two components (i.e., twoemntediate steps), substrate
oxidation and ADP phosphorylation, though protasklalso contributes to some small
extent even under state 3 conditions. Under statendlitions, the overall reaction—
which is the oxidation of a reduced substrate leqtio the production of heat—is also

carried out by two components, substrate oxidadad proton leak. Therefore, the
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control of both state 3 and 4 respiration rate lbardetermined by calculating the flux
control coefficients of substrate oxidation, ADRPopphorylation, and proton leak.
According to the connectivity theorem (Fell 199)x control coefficients can
be calculated from the elasticity coefficients aicle component of OxPhos. For any
given component of OxPhos, the elasticity coeffitieepresents how sensitive that
component of OxPhos is to changes in the concéniralf its substrate or product.
Generally, the more sensitive a component is tongés in substrate/product
concentration, the lower its flux control coefficteIn the case of OxPhos, our kinetic
curves permit us to determine elasticity coeffitsefor all components of OxPhos with
regards taAY¥,, which is the substrate for ADP phosphorylatiod g@noton leak, and
the product of substrate oxidation. Elasticity ¢ieefnts are calculated according to the

equation in Hafner et al. (1990):

€ apm = @310 AYm) X (A¥m! 3), (Equation A-1)

whered J / 0 A¥n, is the first-derivative of the kinetic curve foxBhos componernt
(wherei can be substrate oxidation, ADP phosphorylatiorproton leak) at the state 3
or state 4 point on the curve (i.e., whichever irespry state is being considered), and
A¥n and J are observed values for mitochondrial membranerati and activity of
OxPhos componemtunder the same respiratory conditions.

Using the calculated elasticity coefficients, flagntrol coefficients for each

component of OxPhos can be calculated accorditafoer et al. (1990):
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Cs2? = (3 X €Pawm + I X €awm) / (b X €%awm + J X €'awm — L X £%wm);
Co2? = X [(1- GO/,

C%% = Jx [(1- CPH1yy, (Equations A2-4)

where G%% G, and G°? are flux control coefficients for substrate oxida; ADP
phosphorylation, and proton leak, respectively, dyd}, and J are the observed
activities of these same OxPhos components untierestate 3 or 4 conditions (i.e.,
for whichever state the flux control coefficiente #eing calculated).

A.1.2. Integrated elasticity coefficientds can be seen from measurements of
kinetic curves (for example, see Figure 1-7), onthe principle factors that determines
the activity of any component of OxPhosAp, often estimated by measurements of
A¥n. Ap is the product of substrate oxidation, and, sqradicted by the law of mass
action, increases imM\p cause the rate of substrate oxidation to declumereas
decreases iM\p have the opposite effect. By contrasp in the substrate of ADP
phosphorylation and proton leak, and, thereforesgases im\p cause the rate of these
two processes to increase, whereas decreaggsdause the rate of these two processes
to decline. Given the tremendous effectAgf on the activity of all components of
OxPhos, a change iap between two states (brought about by a changfeeikkinetics
of one component of OxPhos) will lead to a changethe activity of all other
components of OxPhos even if the kinetics of theer components themselves
remain unchanged (Figure A-1). Therefore, in otdedetermine whether the kinetics
of any component of OxPhos changes between twesstate need to determine

whether or not the change in activity of the OxPbosiponent between the two states
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can be explained by observed changeAYf,.. Any change in activity that cannot be
explained by observed changes\Mi, is presumed to reflect a change in the kinetics of
the OxPhos component between the two states.

The integrated elasticity coefficient provida@sconvenient way to measure
whether, and by how much, the kinetics of any camepd of OxPhos has changed
between two states. Simply, the integrated elagtdefficient represents the difference
between the predicted change in activity of a palar OxPhos component and the
actual (observed) changed in activity (Figure AThe predicted change in activity is
calculated according to Ainscow and Brand (1999 awvolves parameters: i) the
elasticity coefficient for the control state, whidkscribes how the OxPhos component
responds to changes AW, in the absence of any experimental treatment Askd),

and ii) the observed changeAl, between the two states. The equation is:

AFPN = €y X (Aawm), (Equation A-5)
where AJP®*®js the predicted change in activity of OxPhos conemti, & sym is the
elasticity coefficient of OxPhos componerb AY,, andAxem is the observed change
in A¥Y,, between the two states. The integrated elasticitgfficient can than be

calculated according the equation in Ainscow ananBr(1999):

IEiAq — AJiobserved_ AJipredictecj (Equation A-6)
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ADP

Phosphorylation
Substrate

Original 5tate 3

Change in ADP
Phosphorylation
Activity

Proton Leak

Original State 4

Change in
Proton Leak
Activity

\
New State 4 \

Mitochondrial respiration rate

Mitochondrial membrane potential

Figure A-1. The effect of changes in mitochondriamembrane potential on the

activity of oxidative phosphorylation components.Representative kinetic curves
(solid black lines) for all three components ofdative phosphorylation are shown, and
state 3 and 4 values of respiration rate and membpstential, which represent the
points of intersection of the kinetic curves, andicated (closed circles). A change in
the kinetics of substrate oxidation (dashed lima&dk to reduced activity of both ADP
phosphorylation and proton leak, reflected by lowates of state 3 and 4 respiration
(open circles), respectively, despite that the tieseof these two components remain

unchanged.
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Predicted
Change in
Activity

“ Observed

= Change in
Activity

Control

Mitochondrial respiration rate

Experimental

Mitochondrial membrane potential

Figure A-2. Integrated elasticity coefficients. Integrated elasticity coefficients
compare the predicted activity change of a compboéroxidative phosphoryaltion
between two states (under state 3 or 4 condititm)e observed activity change. The
kinetics of a component of oxidative phosphorylatio both a control and experimental
state are shown, and the filled and open circlethese curves, respectively, represent
observed activities and membrane potentials urtdéz 8 or 4 conditions. The observed
activity change between the two states is the miffee in activity (measured as
respiration rate) between these two points. Théipted activity in the experimental
state is calculated using the elastsicity of thetrmd state at the point of state 3 or 4
respiration (i.e., the first-derivative of the kiltecurve; indicated by the dashed line;
see Equation A-1) and the observed value of mensbpatential in the experimental
state (indicated by the vertical line). The preglicactivity change between the two
states is the difference in respiration rate betwe control state and this predicted

experimental state value.
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where II“:",Aq Is the integrated elasticity coefficient of OxPluasnponent in response to
a change in state\(, which could be a change in metabolic state mptrature), and

AJ°P**"®%s the observed change in activity of OxPhos camepti.

A.2. Statistical analysis of oxidative phosphorylabn kinetics curves

A.2.1. How do oxidative phosphorylation kineticdfedi from traditional
kinetics? Kinetics curves for typical enzyme-catalyzed reatwdi are determined by
measuring the rate of activity of an enzyme ovearsge of substrate concentrations.
OxPhos kinetics are measured in much the same byayeasuring the activity (via
mitochondrial respiration rate) of each compondr®ePhos over a range of substrate
(or product) concentrations, wheféV, is the substrate (or product; see Figure 1-6).
However, unlike when we measure kinetics for type@zyme reactions, for OxPhos
kinetics, we cannot control the level of substratcentration at which activity is
measured; that is, we cannot control the exactegatdAY, at which we are measuring
mitochondrial respiration rate. Instead, for eachoamondrial preparationA¥n, is
determined by the relative activities of all thempmnents of OxPhos and how they
respond to inhibition during the experiment (seguFé 1-7). This means that we
generate a range of mitochondrial respiration rates a range oAY¥, values. Most
authors have dealt with these data by groupinginegm andAY¥,, valuestogether
according to the level of inhibitor used to acquine values, as | did in this thesis;
however, this creates a data set with variabilityyerms of both respiration rate and

A¥m, which makes quantitative data analysis difficult.
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As a result, the most common way that this kindlatk has been analyzed is to
assess whether the standard error bars of theodatap between the kinetics curve for
the control state and that for the experimentdkestié standard error bars do overlap,
then it is presumed that there is no differencehist particular OxPhos component
between the control and experimental states. Becthese is variability in terms of
both respiration rate and¥y, it is far more difficult to reliably assess whethrerror
bars overlap, and this permits authors too muchrocbover whether differences in
OxPhos kinetics curves are considered differemoabdrbetween states. Moreover, using
overlapping standard error bars a method for detémgn significant differences is only
appropriate where no suitable quantitative prooedsiravailable (Payton et al. 2003).
Therefore, one of my objectives of was to derivguantitative approach for analysis of
OxPhos kinetics curves.

A.2.2 Repeated-measures analysis of covaria@oe. possible approach to the
guantitative analysis of OxPhos kinetics data isige a repeated measures analysis of
covariance (RM ANCOVA). There is no compelling reasvhy the data for respiration
rate andA¥,, must be grouped according to their level of inido—except for
simplicity of presentation in figures—and, in fatttis arrangement of the data seems to
be the most significant hurdle to analyzing kinatiove data. An ANCOVA would
account for the variability iM%, by consideringA¥, as a covariate that significantly
affects respiration rate, and a repeated measwsgndallows us to account for the
multiple measurements of respiration rate ax#,, made using various levels of
inhibitors in the same mitochondrial preparatioheBtatistical question that we would

be asking with the RM ANCOVA, therefore, is whettmaitochondrial respiration rate
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differ significantly among metabolic states evetemfaccounting for the significant
effect of A¥,, on respiration rate and simultaneously considettiag sets of data points
within the overall data set are from the same ahiitas approach will yield a P-value.
In addition, this approach would distinguish anieractions between states, that is, at
what values oY, the kinetics curves are different. One disadvantzghis approach

is that it requires that the respiration rate d&ia proton leakiness and ADP
phosphorylation kinetics be log-transformed prioranalysis in order to linearize the
exponential relationship between respiration ratk/ap .

A.2.3 A Monte Carlo-based approach using top-dovasteity analysis.A
second approach, adopted in the present thedis,imcorporate Monte Carlo analysis
into traditional top-down regulatory analysis. Tin@jor advantage of this approach is
that it does not examine differences in kineticsMeen states over the entire range of
AY¥, values, but only at state 3 and\¥, This is important because, in my opinion,
the reason that we measure OxPhos kinetics isimgly\sto determine whether any
component of OxPhos changes between two statesmoue importantly, to explain
the mechanisms by which state 3 and 4 mitochondsgpiration rates differ between
two states. This Monte Carlo-based approach allesvio determine whether there are
significant differences in kinetics curves betweecontrol state and experimental state
at state 3 and 4 values af,, while simultaneously providing information abotet
extent to which these changes in OxPhos kinetio¢riboite to changes in state 3 or 4
mitochondrial respiration rate.

The Monte Carlo-based approach generates 50@fetadom state 3 and state

4 respiration rates with sample sizes equal toethimsn the empirical data set. Random
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data sets for the control condition are generasiguthe mean and standard deviation
from the empirical data set, whereas random dasafeethe experimental condition are
generated using the standard deviation of the @rpatal condition from the empirical
data set but the mean of the control condition ftbemempirical data set, modified by
the extent of the mean integrated elasticity (IBJue for the particular OxPhos
component under consideration. For each randonmgrgéed data set, a mean value is
calculated for both the control and experimentaldition. A P-value is then generated
by determining what proportion of the 500 randonggnerated data sets show a
difference in mean value of respiration rate thatin the same direction as the
difference in the empirical data set. For examigieuys assume that the respiration rate
in state A is lower than in state B in our empiridata set. If 490 out of the 500 random
data sets also show that respiration rate is lowvetate A than state B, then the P value
is 0.02 (reflecting that only 2% of the random dsgés showed the opposite direction of
difference than the real data set). If, on the ottand, only 10 out of the 500 random
data sets show that respiration rate is loweratesf than state B, then the P values is
0.98. What the Monte-Carlo-based approach is reddiyng, then, is comparing the
variability in the respiration rate data againg éxtent of the difference of a particular
OxPhos component between the control and experahstates, and asking which is
greater; that is, is the extent of the differendeaoparticular OxPhos component
between the control and experimental state greatigin to produce a consistent
difference in respiration rate between these stgiesn the amount of empirically-

measured variability in respiration rate. The majsadvantage of this approach—
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which was the strength of the RM ANCOVA approach-thet the variability iYWy, is
not well accounted for.

A.2.4 Improving the Monte-Carlo-based approathe most ideal method for a
Monte-Carlo-based quantitative analysis of OxPhostlcs data would be to randomly
generate 500 sets of kinetics curves for all tt@e®hos components in each of the
control and experimental states using the empiyicirived mean and standard
deviation for both respiration rate amdl,, accounting for the interconnectedness
between the data points within a given kineticsveurSubsequently, pairwise
comparisons could be made between randomly gendekatetics curves for the control
and experimental condition. For each pairwise cammpa, we could derive values for
flux control coefficients and IE, and we could ed#te P-values for both of these
parameters in the same ways as described in seéti@2. Therefore, using this
approach, we would have some estimate of the vltyailn important parameters such
as flux control coefficients and IE, and we woulavé statistical data about whether
they significantly differ from zero.

What makes this approach difficult to employ—ahd reason that it was not
used in the present thesis—is the nature of ttadioakhip between respiration rate and
A¥n for proton leakiness and ADP phosphorylation. Tieationship is best
approximated by a three-parameter exponential Egquatf the form y = y + a&™.
Parameter estimation for this kind of equation nexguinitial parameter estimates and
an iterative approach, and | have not yet foundasok that can do this reliably in an
automated manner (which is necessary given thaamgedealing with hundreds of

randomly generated data sets). Once these paranaeéeestimated, we can quite easily
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derive values for flux control coefficients and V&lues using the same approach used
in the Excel-based algorithm already constructelder&fore, | hope to revisit this

approach in the future.
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APPENDIX B

Animal Use Ethics Approval

June 5, 2008

*This is the Original Approval for this protocol®
*A Full Protocol submission will be required in 2012

Dear Dr, Staples:

Your Animal Use Protocol form entitted:

Metabolism in Mammalian Hibernation and Daily Torpor

Funding Agency NATIOMAL SCIENCE & ENGINEERING RESEARCH COUNCIL DISCOVERY - Grant #TGFIN
227230

has been approved by the University Council on Animal Care This approval is valid from June 5, Z008 to June
30, 2009. The protocol number for this project is #2008-055-06 and replaces #2004-055-06.

1. This number must be indicated when ordering animals for this project
2. Animals for other projects may not be ordered under this number
3. no number appears please contacl this office when grant approval is received
If the appfication for funding is not successful and you wish (o proceed with the project, request that an intermal
seientific peer review be performed by the Animal Use Subcommitiee office
4. Purchases of animals other than through this system must be cleared through the ACVS office. Health

certificates will be required

ANIMALS APPROVED FOR 4 Years

Species Strain Other Detail il RS
Hamster Dwarl Siberian 30gm MIF - C 240
Mouse Balb/C 25gm  MIF C 140
Mouse com 25gm MIF (o] 152
Mouse C57 25gm MIF C | B4
Other. add to defail | Ground Squirrel |'2_06 gm MIF - Breeders - C | 4B
COther, add to detail Ground Squirrel 200 gm M/F c I 160

STANDARD OPERATING PROCEDURES
Procedures in this protocol should be carmied out according to the following SOPs. Flease contact the Animal Use
Subcommiltes office (661-2111 ext. 86770) in case of difficulties or if you require copies.

SOP's are also available at http:/www uwo calanimayacvs

310 Holding Period Post-Admission

320 Euthanasia

321 Criteria for Early Euthanasia/Rodents

330 Post-Operative Care/Rodent

343 Surgical Prep/Rodent/Recovery Surgery

REQUIREMENTS/COMMENTS
Please ensure thal individual(s) performing procedures on live animals, as described in this protocol. are familiar

with the contents of this document

c.c. Approved Protocol - J. Staples, J Weber, D Cheshuk
Approval Letter - J. Weber, D. Cheshuk

The University of Western Ontario
Animal Use Subcommitiee / University Council on Animal Care
Iealth Sciences Centre, ® London, Ontario @ CANADA — NoA 5C1




194

CIRRICULUM VITAE
Name: Jason C. L. Brown

Education:  PhD Biology — 2011
University of Western Ontairo

MSc Biology — 2007
University of Western Ontario

BSc Biology — 2005
Wilfrid Laurier University

Scholarships/

Fellowships: Helen Battle Postdoctoral Fellowstig\(O) — 2011
Queen Elizabeth 1l Scholarship in Science andchiielogy — 2010
NSERC Postgraduate Doctoral — 2007
NSERC Postgraduate Masters — 2005
NSERC Undergraduate Student Research Award —, 2008, 2005
President’s Centennial Scholarship (WLU) — 2001

Awards: UWO Faculty of Science Teaching Award —201
EPCOR Water Ltd Student Travel Award — 2010
Malcolm Ferguson Award in Life Sciences (UWO)G412
WLU Biology Silver Medal — 2005

Publications: Brown JCL, Chung DJ, Belgrave KR, Staples JF. Changes in
mitochondrial reactive oxygen species (ROS) pctida in the liver and
skeletal muscle of thirteen-lined ground squsidtidomys
tridecemlineatusduring hibernation. (In Revision).

Brown JCL, Marshall KE, Fieldes MA, Staples JF. Differengetissue
concentrations of hydrogen peroxide in roots artgledons of annual
and perennial species of flaxijum). (In Preparation).

Brown JCL, Staples JF. Mitochondrial metabolic suppressidasting
and daily torpor: consequences for reactive oxygpaties production.
Physiological and Biochemical Zoology (In Press).

Birceanu O, McClelland GB, Wang YBrown JCL, Wilkie MP (2011)
The lampricide 3-trifluoromethyl-4-nitrophenol (THMncouples
mitochondrial oxidative phosphorylation in both $@aprey
(Petromyzon marinysand TFM-tolerant rainbow troubficorhynchus
mykis$. Comparative Biochemistry and Physiology C 158-349.



195

Brown JCL, Staples JF (2010) Mitochondrial metabolism during
fasting-induced daily torpor in mice. BiochimicaBibphysica Acta
1797: 476-486.

Brown JCL, McClelland GB, Faure PA, Klaiman JM, Staples 2600)
Examining the mechanisms responsible for lower R&&ase rates in
liver mitochondria from the long-lived house sparr@asser
domesticusand big brown batEptescus fuscii€ompared to the short-
lived mousgMus musculus Mechanisms of Ageing and Development
130: 467-476.

Brown JCL, De Decker MM, Fieldes MA (2008) A comparative
analysis of developmental profiles for DNA methidatin 5-
azacytidine-induced early-flowering flax lines aheir controls. Plant
Science 175: 217-225.

Staples JABrown JCL (2008) Mitochondrial metabolism in hibernation
and daily torpor: a review. Journal of Comparatg/siology B 178:
811-827.

Gerson ARBrown JCL, Thomas R, Bernards MA, Staples JF (2008)
Effects of dietary polyunsaturated fatty acids atoohondrial
metabolism in mammalian hibernation. Journal ofékpental Biology
211: 2689-2699.

Brown JCL, Gerson AR, Staples JF (2007) Mitochondrial meiabo
during daily torpor in the dwarf Siberian hamstee role of active
regulated changes and passive thermal effects. iBamedournal of
Physiology: Regulatory, Integrative, and Compamfhysiology 293:
R1833-R1845.

Fieldes MA, Schaeffer S, Krech MBrown JCL (2005) DNA
hypomethylation in 5-azacytidine-induced early-feamg lines of flax.
Theoretical and Applied Genetics 111: 136-149.



	Mitochondrial metabolic suppression and reactive oxygen species production during hypometabolism in mammals
	Recommended Citation

	Mitochondrial metabolic suppression and reactive oxygen species production during hypometabolism in mammals

