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Figure 1-3. The effect of ischemia (A) and reperfusion (B) on cellular function. 

During ischemia (A), oxidative phosphorylation decreases, and ATP-dependent 

processes rely on glycolysis for ATP. This leads to acidification of the cytoplasm, Ca2+ 

overload, and loss of ion homeostasis if ischemia persists. During reperfusion (B), the 

rapid increase in local [O2] combined with reduced electron carriers leads to ROS 

production. This in addition to restoration of neutral cytoplasmic pH and mitochondrial 

membrane potential (and therefore mitochondrial Ca2+ uptake) leads to PT pore opening 

and can ultimately cause cell death if ion homeostasis cannot be regained. Figure 

adapted from (88). Also see (7) and (50) for an overview of cellular function in 

ischemia. NHE=sodium-proton exchanger, NCX=sodium-calcium exchanger, Na/K-

ATPase=sodium-potassium pump, Ca2+-ATPase= calcium pump, ANT=adenine 

nucleotide translocator.  
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1.5.4 Hypoxia tolerance at the mitochondrial level 

Mitochondrial dysfunction is associated with I/R pathology in humans. As such, 

pharmacological targets for preventing cell death following ischemia typically converge 

on mitochondrial components, such as ATP-dependent potassium channels (mKATP) or 

H+ channels (88). These targets are likely implicated in processes that affect ROS 

production and Ca2+ overload (88). Since I/R-related damage occurs largely as a 

consequence of ATP loss and ROS production at the mitochondrial level, the question 

that remains is: How do anoxia-tolerant organisms avoid these pathological consequences 

of O2 deprivation? 

 Hypoxia-tolerant organisms possess mitochondria that are also hypoxia-tolerant in 

vitro, but the mechanisms that confer this tolerance are unknown. Heart fibres isolated 

from the hypoxia-tolerant epaulette shark (Hemiscyllum ocellatum) maintain a higher 

mitochondrial coupling efficiency (RCR) and lower ROS production rates than heart 

fibres isolated from the hypoxia-sensitive shovelnose ray (Aptychotrema rostrate) 

following in vivo hypoxic exposure. The epaulette shark is able to limit ATP depletion 

(through maintenance of ETS efficiency) and ROS production after hypoxia and re-

oxygenation, which likely contributes to its superior hypoxia tolerance (39). After two 

weeks of chronic anoxia, heart mitochondria isolated from turtles (Trachemys scripta) 

maintain maximal respiration rates after being subjected to anoxia/reoxygenation in vitro. 

The maximal respiration rate of cardiac fibres was lower after chronic anoxia compared 

to normoxic turtles, and this reduction in ATP demand was achieved by significant 

inhibition of complex V (29).  

1.6 Objectives and hypothesis 

It is well established that hibernator tissues are more hypoxia tolerant than non-hibernator 

tissues, perhaps related to insufficient blood flow to peripheral organs during arousal 

from torpor. Since metabolic suppression is a unifying characteristic of hypoxia-tolerant 

organisms, and regulated metabolic suppression occurs in torpid liver mitochondria, I 

hypothesized that the mechanisms allowing for metabolic suppression during hibernation 

also permit anoxia tolerance. I predicted that liver mitochondria isolated from 13-lined 
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ground squirrels during torpor would be more anoxia-tolerant than mitochondria from 

IBE or summer active (SA) squirrels. To test this prediction, I measured characteristics of 

mitochondrial metabolism before and after anoxia, and compared the anoxic effect 

among animals that were in torpor, IBE, or SA. 

 My first objective was to determine the effect of anoxia on three mitochondrial 

performance metrics: (1) maximal ADP-stimulated respiration (i.e. ST3); (2) leak 

respiration (i.e. ST4); and (3) membrane potential (the main contributor to p). My 

second objective was to determine whether any differences in these metrics could be 

explained by differences in antioxidant expression, or changes to the maximal enzyme 

activity of three ETS complexes (complexes I, II, and V).  
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CHAPTER 2 

2 METHODS 

2.1 Experimental animals 

All experiments were performed in accordance with the Western University Animal Care 

Protocol (2012-016) and following guidelines from the Canadian Council on Animal 

Care (Appendix 1).  

The 13-lined ground squirrels (Ictidomys tridecemlineatus) used in this study were either 

live-trapped in Carman, MB (49°30’N, 98°01’W) in either June 2016 or May 2017 under 

Manitoba Conservation collection permit number WB18908, or born in captivity 

following established husbandry protocols (86). Animals were provided with food 

(Prolab Isopro RMH 3000, Lab Diet, St. Louis, MO) and water ad libitum and housed at 

23°C from April to November 2017 with a photoperiod matching that of Carman, MB, 

which was adjusted weekly. Animals were moved to an environmental chamber in 

November, where the temperature was lowered by 1°C per day until a final temperature 

of 4°C was reached. Animals were housed at 4°C throughout the hibernation season, 

from November 2017 to April 2018. During this time, the light cycle was set to 22 h 

dark:2 h light to mimic burrow conditions while permitting daily monitoring, and animals 

were given food and water ad libitum.  

2.2 Transmitter implantation 

Body temperature radio telemeters (Models ETAF10 and TA-F10, Data Sciences 

International, St. Paul, MN) were implanted in 12 ground squirrels prior to the 

hibernation season to allow for real-time tracking of body temperature, which was used to 

determine whether squirrels were in torpor or IBE. Following an intra-peritoneal injection 

of slow-release buprenorphine, squirrels were anesthetized with 4% isoflurane gas. After 

the abdomen was shaved, an incision (of approximately 1 cm) was made along the mid-

line of the abdomen, followed by an incision along the mid-line of the abdominal wall to 

expose the abdominal cavity. The transmitters were inserted in the abdominal cavity and 

the abdominal wall and skin were sutured using absorbable suture (Johnson&Johnson 4-0 
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coated VICRYL Plus 27” VCP310). Sterile saline (2 ml) was administered 

subcutaneously prior to placing the animals in a recovery chamber to prevent post-

operative dehydration. 

2.3 Tissue sampling protocol 

Squirrels were euthanized in three experimental states: 1) summer-active (SA, n=8) 

where euthermic animals were sampled in late July 2017; 2) torpor (T, n=6), defined as a 

stable body temperature of ~5°C for 4 days, occurring from January through March 2018; 

and 3) inter-bout euthermia (IBE, n=6), defined as a stable body temperature of ~37°C 

for 4-5 h following a spontaneous arousal, also occurring from January through March 

2018. Both SA and IBE squirrels were euthanized by lethal peritoneal injection of 

Euthanyl (0.7 ml of 240 mg/ml; Bimeda-MTC, Cambridge ON) followed by cervical 

dislocation, however, torpid squirrels were euthanized only by cervical dislocation to 

ensure an arousal was not induced by Euthanyl injection. Euthanyl does not influence 

mitochondrial metabolism (81). 

2.4 Mitochondrial isolation 

Mitochondria were isolated by differential centrifugation at 4°C and purified using a 

Percoll gradient, following established protocols (3, 63). Liver mitochondria were used in 

this study because significant metabolic suppression occurs in liver mitochondria 

between torpor and IBE (53), and the tissue has previously been demonstrated to tolerate 

I/R (49).   

Following euthanasia, the liver was removed and minced in 1% BSA 

homogenization buffer (HB; 250 mM sucrose, 10 mM HEPES, 1 mM EGTA, pH 7.4). 

The minced tissue was transferred to a glass mortar and gently homogenized (three 

passes at 100 rpm) with a pre-chilled Teflon pestle. The homogenate was then filtered 

through one layer of cheesecloth into two centrifuge tubes and centrifuged at 4°C and 

1,000 g for 10 mins. The supernatant was removed from each tube, filtered through four 

layers of cheesecloth into two clean pre-chilled 50 ml polycarbonate centrifuge tubes, and 

the centrifugation protocol was repeated. Again, the supernatant was removed and the 
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homogenate filtered through four layers of cheesecloth into clean tubes which were 

centrifuged at 8,700 g for 10 mins at 4°C to obtain a crude mitochondrial pellet. The 

extra-mitochondrial supernatant was discarded, and the remaining mitochondrial pellet 

was re-suspended in 500 l BSA-free HB. The crude mitochondrial sample was carefully 

layered on top of a centrifuge tube containing a Percoll (Sigma-Aldrich) gradient solution 

which consisted of four 10 ml layers of Percoll diluted with BSA-free HB to different 

densities (10, 18, 30, 70% v/v). The Percoll gradient (and crude mitochondrial sample) 

was then centrifuged at 35,000 g for 35 mins at 4°C to obtain purified mitochondria, 

which settle between the 30% and 70% Percoll layers. The tube containing this purified 

sample was filled with BSA-free HB and centrifuged twice more at 4°C and 8,700 g for 

10 mins to remove all Percoll, and the extra-mitochondrial supernatant was replaced with 

fresh BSA-free HB between spins. The final mitochondrial pellet was re-suspended in 1 

ml BSA-free HB and aliquoted in pre-chilled Eppendorf tubes. One aliquot was kept on 

ice for respiration experiments, and the rest were flash-frozen in liquid N2 and stored at    

-80°C for enzyme and Bradford protein assays (see sections 2.6 and 2.7).  

2.5 In vitro performance metrics 

2.5.1 Respirometry 

The respirometry protocol was similar to an anoxia-reoxygenation protocol used for 

isolated turtle heart mitochondria (29), and one used for rat liver mitochondria (26) with 

the exception of how anoxia was established in the respirometer. Respiration rates of 

liver mitochondria were measured using Clark-type polarographic oxygen electrodes 

(Oxygraph-2k; Oroboros, Innsbruck AT). Mitochondria were suspended in 2 ml 

respiration buffer (MiR05: 110 mM sucrose, 60 mM K-lactobionate, 20 mM HEPES, 20 

mM taurine, 10 mM KH2PO4, 3 mM MgCl2, 0.5 mM EGTA, 1% (w/v) fatty-acid free 

BSA, pH 7.1) at a constant temperature of 37°C, and with constant stirring at 750 rpm. 

The Oxygraph-2k was calibrated both with air-saturated buffer and oxygen-depleted 

buffer (established using live yeast) before starting all experiments. Mitochondria (10-20 

l; 100-250 g) were added to both chambers and a stable background respiration rate 

was established prior to the addition of any substrates. Respiration rates were determined 

using saturating concentrations of both NADH-linked (1 mM pyruvate, 1 mM malate) 
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and FADH2-linked (6 mM succinate) substrates to ensure electron flux through 

complexes I and II. State 2 respiration rates (saturating substrate without ADP) were 

determined following the addition of substrates. State 3 (maximal, coupled respiration) 

rates were determined by titrating 0.1 mM ADP until a steady-state was observed, and 

state 4 (leak respiration) rates were established after depletion of the ADP by the 

mitochondria. Once state 4 was established, the chambers were opened slightly and 

nitrogen (N2) gas was injected into the gas-space above the respiration buffer until the 

oxygen concentration decreased to ~5% of air saturation. At this point, the chambers 

were closed again and mitochondrial respiration drove the oxygen concentration of the 

chamber down to zero. Anoxia was maintained for five minutes, a duration which 

significantly alters the function of rat liver mitochondria in vitro (26, 30). The chambers 

were opened and re-oxygenated to 100% air saturation five min after anoxia was 

established. State 3 and state 4 respiration rates were determined again following this re-

oxygenation. In preliminary experiments, oxidative substrates were added to the chamber 

following anoxia to ensure mitochondrial respiration rates were not limited by substrate 

availability. An example respirometry experiment is depicted in Figure 2-1A. Following 

these measurements, the content of the chambers was removed and centrifuged at 10,000 

g for 10 mins at 4°C to obtain a mitochondrial pellet, which was frozen in liquid N2 and 

stored at -80°C for enzyme assays.  
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Figure 2-1. Representative traces for respiration rate (A) and membrane 

potential (B) determination. A decrease in electrode signal in (B) 

corresponds with membrane hyperpolarization. Mt=mitochondria, 

P,M,S=pyruvate, malate, succinate, ST3i=initial state 3 rate, ST3a=state 3 post-

anoxia, ST4i=initial state 4 rate, ST4a=state 4 post-anoxia, 

TPP=tetraphenylphosphonium 
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2.5.2 Membrane potential 

Mitochondrial membrane potential (m) was determined using a 

tetraphenylphosphonium (TPP+) ion selective electrode (ISE; Oroboros, Innsbruck AT) 

and a Ag-AgCl reference electrode (MI-401; Microelectrodes Inc., Bedford NH). TPP+ is 

a lipophilic ion that moves across phospholipid bilayers in proportion to m , and the 

electrodes measure extramitochondrial TPP+. Electrodes were used in combination with 

the Oroboros-2k, in the same buffer used for respiration rate determination. Before 

mitochondria were added to the chamber, the TPP+ electrode was calibrated by titrating 

with 4 l injections (1 M final concentration) of calibration solution (500 M TPPCl, 

100 mM KCl) step-wise until a final concentration of 5 M TPPCl was reached inside the 

chamber. Once the calibration was complete, mitochondria were added to the chamber, 

and the same protocol was followed as with respiration experiments stated in Section 

2.5.1 (ST3 and ST4 measurements before and after anoxia) with an anoxic exposure time 

of 5 mins. At the end of each experiment, 0.5 M of a protonophore, carbonyl cyanide 3-

chlorophenylhydrazine (CCCP), was titrated into each chamber to completely depolarize 

mitochondria in order to assess any drift in electrode function over time (see Figure 2-1B 

for an example of experimental workflow). Membrane potential was derived from the 

raw TPP+ signal (extra-mitochondrial [TPP+]) using a modified Nernst equation as 

described in (57): 

∆𝜑𝑚 = 𝑎 log
([𝑇𝑃𝑃+]𝑎𝑑𝑑𝑒𝑑 − [𝑇𝑃𝑃+]𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙)(0.16)

(0.001)(𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛)([𝑇𝑃𝑃+]𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙)
 

Equation 1. Nernst equation for mitochondrial membrane potential (m) determination. 

Where a = 2.3(RT/F) (R = the universal gas constant, T = absolute temperature in Kelvin, 

F = Faraday constant), 0.16 is a correction factor for how much TPP+ binds non-

specifically and does not cross the mitochondrial membrane (14), and 0.001 represents 

the liver mitochondrial volume of rats (34), which is assumed to be similar in ground 

squirrels (33). The [TPP+] added is the final [TPP+] in the respiratory medium after 

calibration (5 M), and [TPP+] external is a measurement of extra-mitochondrial TPP+ at 

a specific time-point.  
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2.6 ETS assays 

Maximal activity of three electron transport system enzyme complexes (complex I, II, 

and V) was determined spectrophotometrically using original mitochondrial samples and 

samples recovered from the respiration experiments described in section 2.5 (above). 

Both samples were frozen in liquid N2 and stored at -80C prior to performing assays. 

These assays were performed using protocols outlined in (44). Mitochondrial pellets were 

resuspended in hypotonic medium (25 mM K2HPO4, 5 mM MgCl2, pH 7.4) with 

phosphatase inhibitors (10 mM sodium fluoride and 1 mM sodium orthovanadate) and 

protease inhibitors (1x Protease Inhibitor Cocktail; ThermoFisher Scientific, Waltham 

MA) to a final concentration of 1 g/L prior to undergoing three freeze-thaw cycles in 

liquid nitrogen. Absorbance values (340 nm for complex I/V, 600 nm for complex II) 

were acquired using a SpectraMax plate spectrophotometer (Molecular Devices, Toronto 

ON) at 37C and collected for 3-5 mins for each assay. Assays were run in triplicate for 

each sample. Vmax values were calculated as the mean of these triplicates and corrected 

for pathlength and the extinction coefficient of each complex. For complex I activity 

determination, 5 l of mitochondrial homogenate was added to 295μl of assay mixture 

(25 mM K2HPO4; pH 7.4, 2 μg/ml antimycin A, 2 mM KCN, 2.5 mg/ml BSA, 0.2 mM 

NADH). Complex II activity was measured following the addition of 1 μl of 

mitochondrial homogenate to 298 μl of assay mixture (25 mM K2HPO4; pH 7.4, 2 μg/ml 

rotenone, 2 μg/ml antimycin A, 2 mM KCN, 20 mM succinate, 50 μM 

dichlorophenolindophenol (DCPIP). The reaction was started with 1 μl of 10 μM 

ubiquinone1. Complex V activity was measured following the addition of 5 μl of 

mitochondrial homogenate to 295 μl assay mixture (5 mM ATP, 1 mM 

phosphoenolpyruvate, 0.2 mM NADH, 1 U/ml pyruvate kinase, 1 U/ml lactate 

dehydrogenase). 

2.7 Immunoblots 

Prior to immunoblotting, the protein content of liver mitochondrial samples was 

determined using a Bradford assay. Mitochondrial samples (8.5 mg protein/ml) were 

denatured in sample buffer (4x Laemmli Sample Buffer) at 90C for 5 min prior to 
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loading in 8-16% polyacrylamide Criterion TGX Stain-Free Gels (Bio-Rad, Mississauga, 

ON). Preliminary immunoblots were performed to identify the appropriate amount of 

protein to load into each well. Gels were loaded with 7.5 g protein (for MnSOD) and 25 

g protein (for glutathione peroxidase-4) sample in each well and separated by 

electrophoresis at 120 V for 1 h in Tris-glycine-SDS running buffer (25 mM Tris, 192 

mM glycine, 0.1% SDS). Following electrophoresis, gels were placed on a ChemiDoc 

imaging system (Universal Hood II, Bio-Rad, Mississauga, ON) for trans-illumination to 

ensure adequate protein cross-linking, which allowed for total protein fluorescence 

visualization using UV light. Total resolved protein content per lane, based on fluorescent 

intensity, was quantified using the densitometry analysis tool in ImageLab 5.2 (Bio-Rad). 

Proteins were then transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, 

Mississauga, ON) at 12 V and 4C for 22 h. Membranes were blocked at 4C for 16 h 

with 5% BSA in Tris-buffered saline (TBS-T; 20 mM Tris, 143 mM NaCl, 0.05% 

Tween-20) under constant agitation at 60 rpm. After blocking, membranes were probed 

with either MnSOD primary antibody (1:5000 in 2.5% BSA in TBS-T; Abcam, ab13533) 

or glutathione peroxidase 4 primary antibody (1:2000 in 2.5% BSA in TBS-T; Abcam, 

ab185689) with constant agitation at room temperature for 1 h. The membranes were 

briefly rinsed three times with TBS-T before washing with TBS-T under constant 

agitation for 15 min. Then, the TBS-T was replaced every five mins for three consecutive 

washes for a total of 30 minutes of washing. Following washes, the secondary antibody 

(Goat anti-rabbit, 1:10,000 in 2% BSA in TBS-T; Abcam, ab205718) was incubated with 

the membrane under constant agitation at room temperature for 1 h. Afterwards, 

membranes were washed (following the same protocol above) with TBS-T prior to 

imaging. Membranes were imaged using the ChemiDoc system and bands were 

visualized with Luminata Classico Western HRP Substrate (Millipore). Bands were 

quantified using the densitometry analysis tool in ImageLab 5.2 (Bio-Rad) and 

standardized to total protein loaded in each lane, determined using the UV visualization 

protocol.  
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2.8 Statistical analysis 

Statistical analysis was performed using SPSS for ANCOVA and evaluation of estimated 

marginal means (EMM; the model is used to describe the effect of the dependent variable 

taking covariates into account, estimated at an x-value common to all three groups), and 

Prism 7.0 for one-way ANOVAs and paired t-tests when the F-statistic for ANCOVA 

models was not significant (P>0.05). The F-statistic was used to determine how well the 

model fit the data set, and a  p-value over 0.05 indicated that the covariate (initial 

condition) could not explain differential effects of anoxia. Post-hoc tests to determine 

between-group and within-group statistical differences were performed following 

Bonferroni corrections. Data are expressed as mean  SE for interaction plots. In the 

ANCOVA models, no interaction terms were significant in preliminary analyses and 

were therefore removed from regression equations prior to final analysis. R studio (R 

package version 3.1-131) was used to create ANCOVA figures only.  
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CHAPTER 3 

3 RESULTS 

3.1 Mitochondrial performance metrics 

3.1.1 Mitochondrial respiration 

When assayed at 37C and with complex I-linked (pyruvate) and complex II-linked 

(succinate) substrates, maximal ADP-stimulated respiration rates (State 3; ST3) 

decreased after anoxia for all groups (Figure 3-1A). There were significant differences in 

initial ST3 rates among groups (One-way ANOVA: F2,17=8.564, P=0.003). Specifically, 

initial ST3 in torpor was significantly lower than IBE (P=0.023) and summer (P=0.002) 

but there was no significant difference between IBE and summer ST3 (P=0.671). There 

were no significant differences in initial ST4 rates among groups (One-way ANOVA: 

F2,16=2.40, P=0.123). It is reasonable to assume that post-anoxia ST3 (or ST4) would 

depend on initial ST3 (or ST4), so I analyzed these data using an ANCOVA model (with 

initial ST3 or ST4 as a covariate) to control for initial group differences.  

There was a significant effect of both initial ST3 (P<0.0001) and group (i.e. 

hibernation condition; P=0.029) on post-anoxic ST3 (ANCOVA: F3,16=9.602, P=0.001; 

Figure 3-2). The relationship between initial and post-anoxia ST3 was virtually identical 

in SA and IBE, but in torpor ST3 was elevated. As a result, when compared at an initial 

ST3 value of 105.8 nmol O2 ml-1 min-1 mg protein-1, a value common to all groups 

selected by the ANCOVA model, the final ST3 of torpid liver mitochondria was 

significantly higher than IBE (P=0.033; as shown by EMM values in Figure 3-2) and at 

the margin of significance (P=0.054) compared to summer. A reduction in ST3 after 

anoxia indicates reduced ETS capacity, which could result from either reduced substrate 

oxidation or reduced ATP synthesis. 

Leak respiration (State 4; ST4) increased approximately two-fold in summer liver 

mitochondria after anoxia (Figure 3-1B). These data were also analyzed using an 

ANCOVA, as ST4 post-anoxia was assumed to correspond with initial ST4. There was a 

significant effect of both initial ST4 (P<0.01) and group (P<0.01) on final ST4 
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(ANCOVA: F3,14=9.308, P=0.001; Figure 3-3). When compared at a common initial ST4 

value of 25.44 nmol O2 ml-1 min-1 mg protein-1, the final ST4 of summer liver 

mitochondria was significantly higher than IBE (P=0.003) and torpor (P=0.016). An 

increase in ST4 after anoxia may indicate higher proton conductance across the IMM. 

There was also a significant effect of anoxia on the respiratory control ratio (RCR) in all 

groups (Figure 3-4; torpor: t5=7.02, P<0.001; IBE: t4=2.78, P=0.0498; SA: t6=6.91, 

P<0.001), however the RCR of torpid mitochondria decreased the least following anoxic 

exposure. In general, mitochondrial respiratory function is better maintained in torpor 

mitochondria than in either IBE or summer following anoxia. 

3.1.2  Membrane potential 

When assessed during ST4 respiration, initial mitochondrial membrane potential did not 

differ significantly among groups (One-way ANOVA: F2,8=1.21, P=0.348). These data 

could not be effectively modeled using an ANCOVA as with ST3 and ST4 (ANCOVA: 

F3,7=1.64, P=0.265), so I used paired t-tests to look at the effect of anoxia on membrane 

potential within each group. This revealed no overall effect of anoxia on membrane 

potential (Figure 3-5; torpor: t4=1.53, P=0.2; IBE: t2=1.85, P=0.2), however, there was a 

marginally significant depolarization of SA mitochondria after anoxia (t2=4.18, P=0.053; 

Figure 3-5).  
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Figure 3-1. Interaction plots of complex I- and II-linked state 3 respiration (A) 

and state 4 respiration (B) of liver mitochondria before (initial) and after 5 

minutes of anoxia. Data presented are mean  SE. This plot demonstrates the general 

effect of anoxia on mitochondrial respiratory performance. There is a significant 

difference between torpor and both IBE and summer for initial ST3 (*, P≤0.05, Panel 

A). Further statistical analyses of these data are presented in Figures 3-2 and 3-3.    
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Figure 3-2. Post-anoxia state 3 respiration rates of liver mitochondria as a function 

of initial state 3 rates. ANCOVA revealed a significant effect of both initial ST3 

(P<0.0001) and group (p=0.029) on post-anoxia ST3. Estimated marginal means (EMM) 

were evaluated at an initial ST3 value of 105.79 nmol O2 ml-1min-1mg protein-1. This 

analysis revealed a significantly greater effect of anoxia on ST3 in IBE compared with 

torpor. Significant differences among groups (assessed using EMMs) are presented in the 

figure legend for torpor (N=6) IBE (N=6) and summer (N=8), where differential lettering 

beside EMM values represents statistical significance between groups (P ≤ 0.05). 
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Figure 3-3. Post-anoxia state 4 respiration rates of liver mitochondria as a function 

of initial state 4 rates. ANCOVA revealed significant effects of both initial ST4 

(P<0.01) and group (P<0.01) on post-anoxia ST4. Estimated marginal means (EMM) 

were evaluated at an initial ST4 value of 25.44 nmol O2 ml-1min-1mg protein-1. This 

analysis revealed that anoxia had a significantly greater effect on ST4 in summer than 

in either torpor or IBE. Significant differences among groups (assessed using EMMs) 

are presented in the figure legend for torpor (N=6) IBE (N=5) and summer (N=7), where 

differential lettering beside EMM values represents statistical significance between 

groups (P≤0.05).  
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Figure 3-3. Post-anoxia state 4 respiration rates of liver 

mitochondria as a function of initial state 4 rates. ANCOVA 

revealed significant effects of both initial state 4 

respiration (P<0.0001) and group (P<0.0001) on post-

anoxia ST4. Estimated marginal means (EMM), evaluated 

at an Initial State 4 value of 25.44 nmol O2/ml/min/mg 

protein, revealed that anoxia had a significantly greater 
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Figure 3-4. Interaction plot of the respiratory control ratio (RCR) of liver 

mitochondria before (initial) and after 5 minutes of anoxia. Data are presented 

as mean ± SE for N=6 torpor, N=5 IBE and N=7 summer mitochondrial samples, 

analyzed using paired t-tests for each group. Anoxia significantly decreased RCR in 

all groups (†, P<0.001 for both torpor and SA and P=0.05 for IBE). 
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Figure 3-5. Interaction plot of membrane potential of liver mitochondria before 

(initial) and after 5 minutes of anoxia, measured during state 4 respiration. Data 

presented are mean  SE for N=5 torpor, N=3 IBE, and N=3 summer. These data were 

analyzed using paired t-tests for each group. Overall, there were no significant within-

group differences in this effect. However, the effect of anoxia on ST4 membrane 

potential in summer squirrels was at the margin of significance (*, P=0.053).    
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3.2 Mitochondrial complex assays 

Enzyme complex assays were performed on mitochondrial samples frozen immediately 

after isolation or recovered from respirometry trials following anoxia exposure to 

determine whether changes in mitochondrial performance were reflected by changes to 

electron transport system (ETS) capacity. Post-anoxia enzyme activity could not be 

appropriately modeled using an ANCOVA model because the F-statistic failed to reach 

significance in all three models (Complex I F3,11=0.617, P=0.618; Complex II F3,11=3.24, 

P=0.064; Complex V F3,11=0.649, P=0.560). Paired t-tests determined that complex II 

activity of IBE mitochondria decreased after anoxia (t4=3.24, P=0.032; Figure 3-6) as did 

complex I activity of summer mitochondria (t3=9.51, P=0.002; Figure 3-6). However, 

there was no effect of anoxia on complex V activity in any group, and torpid 

mitochondria were not affected by anoxia in terms of complex I, II, or V activity 

(Complex I: t5=1.45, P=0.2; Complex II: t5=0.72, P=0.51; Complex V t5=1.14, P=0.31). 

Thus, anoxia decreased maximal ETS enzyme capacity in IBE (complex II) and summer 

mitochondria (complex I), but no changes occurred with anoxia in torpor mitochondria.  

3.3 Constitutive antioxidant enzyme expression 

Western blots were used to quantify constitutive antioxidant expression in SA, IBE, and 

torpor mitochondria. There was no significant difference in mitochondrial MnSOD 

content among groups (One-way ANOVA: F2,9=0.563, P=0.588; Figure 3-7).  GPx4 

content was significantly different among groups (One-way ANOVA: F2,9=5.805, 

P=0.024). IBE mitochondria had higher expression of GPx4 compared to summer 

(t9=3.061, P=0.0407) and expression was at the margin of significance compared to 

torpor (t9=2.827, P=0.0595).  
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Figure 3-6. Maximal activity of ETS Complex I (A) Complex II (B) and 

Complex V (C) from liver mitochondria before (initial) and after anoxic 

exposure. Data are presented as mean ± SE for both the original mitochondrial 

sample, and the sample recovered from the Oxygraph following respiration 

measurements for N=6 torpor N=5 IBE and N=5 summer samples. These data were 

analyzed using paired t-tests within each group. Anoxia significantly decreased 

complex I activity in summer (*, P=0.0025; Panel A) and complex II activity in IBE 

(*, P=0.0316; Panel B) but had no significant effect in torpor. 
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Figure 3-7. Relative MnSOD (A) and Glutathione Peroxidase-4 (GPx4; B) 

content of liver mitochondria. Data are presented as mean ± SE for N=4 torpor, 

IBE, and summer samples. Data (acquired by densitometry) are normalized to 

total protein loaded in each well. There were no significant differences among 

groups in terms of MnSOD content. GPx4 content is significantly higher in IBE 

than summer (*, P=0.0407) and at the margin of significance compared to torpor 

(P=0.0595).   
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CHAPTER 4 

4 DISCUSSION 

The aim of this study was to determine whether mitochondria isolated from ground 

squirrels during hibernation had enhanced anoxia tolerance compared to euthermic 

summer ground squirrels. There is substantial evidence that hibernating animals avoid 

tissue damage that is typically associated with hypoxia-reoxygenation (25, 46, 49). 

Moreover, this protective phenotype at the tissue-level is shared by both torpid and 

euthermic animals during the hibernation season, so it is likely not a direct consequence 

of low temperature or metabolic suppression, at least at the level of the tissue. Tolerance 

to hypoxia may be attributed to oxidative stress avoidance, or an enhanced capacity to 

avoid apoptosis following oxidative stress, which could be affected by metabolic state. I 

hypothesized that metabolic flexibility during hibernation would permit anoxia tolerance 

at the mitochondrial level, and would correspond with previous research conducted at the 

tissue level.  

4.1 The effect of anoxia on mitochondrial performance  

Maximal ADP-stimulated respiration rates of liver mitochondria were consistent with 

previous literature on other hibernators (reviewed in 77), including 13-lined ground 

squirrels (53), however the degree of metabolic suppression in torpor was lower in my 

experiment (30% suppression) than in previous studies (60% suppression using succinate 

as substrate; 53). This apparent discrepancy is likely because I used both complex I- and 

complex II-linked substrates, whereas previous studies used complex II-linked substrate 

only, which demonstrated the greatest degree of suppression between torpor and IBE. I 

report ST4 respiration rates that are approximately 3-fold higher in torpor than rates 

reported previously for torpid thirteen-lined ground squirrels (22). Again this difference 

is likely due to my use of both pyruvate and succinate, compared with earlier studies that 

used only succinate as substrate and inhibited complex I using rotenone. In this study, 

complex I was not inhibited and its proton pumping could contribute to a higher 

protonmotive force (p). At higher (p), ST4 respiration would be expected to increase, 

similar to the effect seen in rat liver mitochondria (12). This higher p would accelerate 
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proton leak across the IMM (9), thereby increasing ST4 respiration rates. Chung et. al. 

(ref. 22) also report ST3 rates much lower than in this study (60% lower for both IBE and 

torpor), which could reflect a lower p.  

In support of my hypothesis, liver mitochondria from torpid ground squirrels 

maintained oxidative phosphorylation performance better after anoxia than IBE or 

summer mitochondria. Anoxia decreased ST3 respiration rate in all groups, but torpor 

was affected the least, falling by 25% of initial values, compared with 43% for SA and 

46% for IBE (Figures 3-1A and 3-2). Leak (ST4) respiration rates increased by 135% 

after anoxia in summer mitochondria, but not in IBE or torpor (Figures 3-1B and 3-3). 

Not surprisingly, the RCR (ST3/ST4) of torpor mitochondria was least affected by anoxia 

(Figure 3-4), likely owing to the marginal decrease in ST3 and maintenance of ST4. 

Taken together these results suggest that mitochondria isolated from torpid ground 

squirrels maintain bioenergetic integrity better than those from summer and IBE animals. 

The effect of anoxia on summer ground squirrel mitochondria is consistent with current 

literature on the effect of in vitro anoxia-reoxygenation on rat mitochondrial 

bioenergetics. One minute of anoxia with subsequent re-oxygenation increases ST4, and 

decreases ST3, RCR, and oxidative phosphorylation efficiency (P/O ratio) in isolated 

liver mitochondria (26) and heart mitochondria (4) in rats.  

Differential tolerance to anoxia-reoxygenation (A/R) in this study is likely related 

to ROS production, as different durations of anoxia did not differentially affect 

mitochondrial performance (see Appendix 3). ROS scavenging capacity may play a role 

in differential tolerance to A/R because GPx4 content was significantly elevated in IBE 

and was at the margin of significance in torpor compared to SA squirrels. However, 

MnSOD content does not differ among groups (Figure 3-7). Future analysis of 

antioxidant activity and expression of different antioxidants (such as vitamin E, GSH, 

thioredoxin-2, and peroxiredoxins) is warranted. Additionally, tolerance to A/R is likely 

not exclusively an effect of lower mitochondrial metabolic rate in torpor. Rat liver 

mitochondria showed a significant decrease in mitochondrial performance after A/R 

despite initial ST3 and ST4 rates lower than torpid ground squirrels (see Appendix 2).  
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4.1.1 Membrane potential (m) and ST4 respiration 

Anoxia had a significant overall depolarizing effect on membrane potential, however, the 

effect was subtle such that during ST4, membrane potential did not increase significantly 

within any of the groups. This mild depolarization corresponded with an increase in ST4 

respiration following anoxia, which suggests an increase in proton conductance across the 

IMM. An increase in proton conductance would necessitate increased ST4 respiration to 

maintain p (13, 54). Therefore, greater increases in ST4 after anoxia in SA mitochondria 

(with no change in m) likely indicates greater proton conductance of the IMM. This 

effect may result from activation of proteins that increase proton conductance or from 

damage to IMM components in response to A/R. 

Superoxide and hydroxynonenal (HNE; a product of lipid peroxidation) can increase 

proton conductance across the IMM mediated by uncoupling proteins (UCPs) and the 

adenine nucleotide translocase (ANT) (43). Mild uncoupling of substrate oxidation from 

ATP synthesis can regulate ROS; high p increases the lifetime of reduced electron 

carriers in the ETS which promotes ROS production (54) so even mild uncoupling may 

decrease ROS production. Some superoxide production is expected upon re-oxygenation 

from complete anoxia, so activation of the ANT or UCPs are mechanisms that may 

explain the depolarizing effect of anoxia, especially in mitochondria from SA ground 

squirrels. Other than UCP and/or ANT activation, A/R could cause ROS-induced 

peroxidation of IMM phospholipids and subsequent increases in permeability and 

therefore proton conductance (2, 83, 91). As a result, increased electron flux through the 

ETS would be required to maintain p (13, 54). Such increases in ST4 have also been 

attributed to opening of the permeability transition pore (PT pore; ref. 56) which is 

discussed more below. 

To assess whether uncoupling is mediated by UCPs or ANT, one can use their 

specific inhibitors, GDP and carboxyattractyloside (CAT). Mitochondria isolated from rat 

hearts subjected to I/R show increases in ST4 (relative to pre-I/R values), which are 

inhibited ~60% by CAT, and only minorly inhibited by GDP (56). Apart from UCP- and 

ANT-mediated uncoupling, the opening of the PT pore was responsible for increases in 
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ST4 in heart mitochondria (56), which is a pathological consequence of I/R that can lead 

to apoptosis or necrosis (35). Mitochondria isolated from rat hearts preconditioned to 

brief I/R showed only minor increases in ST4 after I/R, and this effect was completely 

inhibited by GDP and CAT. Any treatments that prevented increases in ST4 after I/R 

were associated with improved recovery from I/R (56).  

ST4 respiration typically accounts for 20-40% of basal respiration in hepatocytes 

(11). After anoxia, ST4 respiration increased by 135% in summer mitochondria, 

compared to 23.3% in IBE and 19.2% in torpor. These results suggest that, although the 

degree of depolarization following anoxia did not differ among groups, SA mitochondria 

had to consume more O2 to maintain the newly established m. Typically, as 

mitochondrial m increases, O2 consumption increases exponentially—the so-called 

“non-ohmic” relationship (43)—at least under normoxic conditions. So, a lower m 

would be expected to disproportionately decrease the substrate oxidation and O2 

consumption required to offset proton leak. In contrast to this typical relationship 

between ST4 and m , ST4 increased in all groups following A/R despite modest 

decreases in m, but the increase in ST4 was greatest in SA mitochondria.  

Thus, the greater increase in ST4 in SA mitochondria may indicate a greater ROS-

mediated response to A/R than in either torpor or IBE. This response may correspond 

with differences in activation of proton conducting proteins (UCPs or ANT) or 

differential damage to the IMM among hibernation/seasonal states. Higher GPx4 content 

in IBE mitochondria (Fig 3-7) may protect against ROS-induced increases in ST4, as 

GPx4 plays a role in phospholipid peroxide metabolism and detoxification (23, 31, 42).   

4.1.2 ST3 respiration 

Reductions in ST3 respiration following ischemia and reperfusion are often paralleled by 

decreases in the function of electron transport system (ETS) components (19). During 

myocardial ischemia, loss of complex I function occurs early during an ischemic episode, 

while complex III and IV become progressively damaged if the ischemic insult persists 

longer than 30-45 minutes (19). Decreased complex I dysfunction after ischemia is 

associated with dissociation of the flavin mononucleotide (FMN; 70). This dysfunction is 
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likely ROS-related: molecules that block the ubiquinone binding site of complex I (IQ; a 

known site of superoxide production, Brand 2016) also prevent decreases in complex I 

function after ischemia (19). 

The significant decrease in ST3 that I observed in summer and IBE mitochondria 

may be attributable, in part, to ETS complex dysfunction. Anoxia decreased maximal 

activities of complex I (by 36%) and complex II (by 39%) in summer and IBE liver 

mitochondria, respectively (Figure 3-6), while these complexes were not affected by 

anoxia in torpor mitochondria. Lower ETS complex activity will constrain oxidative 

phosphorylation capacity, but ETS component damage can also lead to increased ROS 

production (19). ROS production can initiate a cascade of deleterious effects, including 

lipid peroxidation, which can increase membrane permeability (2, 83, 91). An increase in 

ST4 respiration occurred as a result of A/R in SA squirrels, which could indicate 

increased ROS production and membrane permeability.  

Overall, mitochondria isolated from squirrels during torpor are least affected by in 

vitro A/R, while mitochondria isolated from SA squirrels are most affected. It is likely 

that ROS production or detoxification is involved in differential tolerance to A/R. High 

ROS production can affect mitochondrial performance through the following 

mechanisms: (i) activation of UCPs and ANTs which can increase ST4 and depolarize 

m; (ii) lipid peroxidation and increased membrane permeability which can increase ST4 

and depolarize m; (iii) ETS complex damage which can decrease ST3 and further 

increase ROS production. A/R only marginally affected ST4 respiration in IBE and 

torpor, and ST3 was least affected in torpor mitochondria. A/R also had no effect on the 

maximal activity of complex I, or II in torpor, but did affect complex I in SA 

mitochondria and complex II in IBE mitochondria. These data suggest that during torpor 

(and IBE to a lesser extent) mitochondrial respiration is maintained primarily due to low 

electron leak following A/R. 

4.2 Mitochondrial targets for ischemia-reperfusion tolerance 

The mechanisms that appear to protect winter ground squirrel mitochondria from A/R 

may be analogous to known models that demonstrate protection from I/R injury. 
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Brief periods of ischemia and reperfusion can protect tissues against future ischemic 

events in a process called ischemic preconditioning (IPC). The mechanisms of IPC 

remain unclear, but there are several proposed triggers and effectors (reviewed in 92). 

More recent research has focused on the effect of IPC on complex I activity. Adenosine 

may mediate IPC, specifically through activation of NO synthesis. Administration of 

exogenous NO to perfused rat liver confers cytoprotection following ischemia and 

reperfusion (62). Also, in vitro nitrite administration during anoxia in isolated liver 

mitochondria preserves ST3 after anoxia better than the control (saline) treatment. Nitrite 

administration was associated with reduced ROS production, which could explain 

improved anoxia tolerance (74).  

The mechanism of cytoprotection by NO likely involves protein S-nitrosylation (a 

post-translational modification that involves the attachment of NO to cysteine residues), 

which has been implicated in cardiac IPC (21, 80) perhaps because it specifically inhibits 

complex I as well as ATP synthase (21). Interestingly, the inhibitory effect of S-

nitrosylation on complex I is oxygen-dependent, and is reversed after reperfusion; 

however, the reversal is slow and reduces ROS production during reperfusion as a result 

(21). These effects are similar to the protection offered from pharmacological inhibition 

of complex I. Prior to an ischemic event, pharmacological inhibition of complex I with 

amobarbital prevents decreases in ST3 in rat heart mitochondria after subsequent 

ischemia and reperfusion (20).  

Although S-nitrosylation of complex I has not been identified in mitochondria 

from hibernators, ETS complex modifications exist between hibernation states. These 

modifications may affect ROS production perhaps explaining the differential tolerance to 

A/R shown in my study. The activity of complex I did not differ among groups in this 

study, but previous research conducted by our group has shown a decrease in complex I 

activity of liver mitochondria from torpor relative to IBE (53). The phosphorylation state 

of complex I differs between torpor and IBE, which could explain differences in maximal 

activity (52). Also, flux through complexes I-IV (assessed using complex I-linked 

substrates only) is significantly lower in torpor compared to IBE (52), suggesting 

differential activity of TCA cycle enzymes or lower rates of pyruvate oxidation. The 
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presence of these post-translational modifications (PTMs) may have similar advantages 

in A/R as S-nitrosylation or pharmacological inhibition of complex I. It is also likely that 

differential flux between torpor and IBE can involve PTMs that have not been 

investigated in liver mitochondria of hibernators. Identifying other PTMs that change 

during hibernation or seasonally could help elucidate mechanisms of anoxia tolerance, as 

some may mitigate oxidative stress.  

4.3 Mechanisms of anoxia tolerance in hibernator mitochondria 

4.3.1 Pre-hibernation test drops and ischemic preconditioning 

Just prior to the hibernation season, many hibernators undergo brief bouts of metabolic 

suppression and Tb depression referred to as “test drops” that are similar to torpor-arousal 

cycles physiologically, but less extreme in terms of duration, and the degree of both 

metabolic rate and Tb depression (32, 73, 79). In the 13-lined ground squirrel, these test 

drops often occur before relocation into the hibernaculum for winter (at a Ta of 21C), 

and last less than two days with Tb reaching a minimum of ~20C (71). If evidence of 

transient hypoxia exists on arousal from torpor, a similar (less severe) hypoxic event 

could occur during test drops, which could have a preconditioning effect on certain 

tissues similar to IPC described in section 4.2 and reviewed in ref. 90.  

 Similar to S-nitrosylation, small ubiquitin-related modifiers (SUMOs; important 

PTMs) have been implicated in IPC (47). Covalent binding of SUMO to lysine residues 

on target proteins modifies their function (89). These PTMs are specifically upregulated 

during torpor in 13-lined ground squirrels in several organs (47). Increased SUMO 

conjugation (induced by IPC) in neuroblastoma cells offers cytoprotection from oxygen 

and glucose deprivation, which is analogous to ischemia-reperfusion (47), however the 

specific proteins modified by SUMOylation were not reported in this study. 

Though it is unknown whether preparation for hibernation establishes a protective 

phenotype typical of IPC, cold exposure alone has been associated with mitochondrial 

stress resistance in ground squirrel neuronal stem cells (58). Exposure of induced 

pluripotent stem cells (iPSCs) to acute cold (4C for 4 h) upregulated genes specific to 
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the mitochondria and protein quality control (heat shock proteins, proteases, and 

proteinase inhibitors) in ground squirrel iPSCs, but not human iPSCs. Phenotypically, 

cold-exposed ground squirrel iPSCs had a depolarized mitochondrial membrane potential 

relative to iPSCs maintained at 37C, which was associated with low ROS production. 

By contrast, cold-exposure of human iPSCs increased both mitochondrial membrane 

potential and ROS production, an effect which was mitigated with a mild mitochondrial 

uncoupler (58). The Ta for the ground squirrels used in my study was set to 5C for the 

entire hibernation season. It is plausible that the genes involved in protein quality control 

that were upregulated after cold exposure in ground squirrel iPSCs are also upregulated 

in torpor and IBE in my study, which could explain better maintenance of mitochondrial 

performance after A/R compared to SA squirrels. Additionally, although resting 

membrane potential did not differ among groups in my study, a decrease in m has been 

reported previously in Arctic ground squirrels during torpor (5), which could have similar 

effects on ROS production as seen in iPSCs. Future respirometry studies should be 

performed at 5C to see whether the effects of cold exposure on ground squirrel iPSCs 

are also observed in liver mitochondria during torpor, which would better represent the 

environmental conditions in which transient hypoxia may occur upon early arousal.   

4.3.2 Other potential mechanisms of anoxia tolerance in hibernators 

In addition to SUMOylation, proteomic and metabolomic studies have reported 

different levels of proteins and small molecules both seasonally and during hibernation 

that may relate to stress tolerance. A study comparing the hepatic proteome of SA 13-

lined ground squirrels and squirrels during entrance into torpor (Ent) found that proteins 

involved in anti-apoptosis, apoptosis regulation, and cellular redox status were 

specifically upregulated in Ent compared to SA (69). Additionally, a comprehensive 

study of plasma metabolites in 13-lined ground squirrels revealed an increase in plasma 

cysteine and cystathionine during late torpor (24), which are substrates for the 

cystathionine beta synthetase (CBS) enzyme that produces hydrogen sulfide (H2S). H2S is 

thought to be an important regulator of ROS production through its inhibition of complex 

IV in mitochondria, and administration of H2S during reperfusion of ischemic mouse 

hearts was correlated with higher ST3 in isolated heart mitochondria compared to a 
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vehicle control (27). Since H2S binds to complex IV with a low affinity, its inhibitory 

effect occurs predominantly during periods of low oxygen (68) and therefore is a 

plausible mechanism for mitochondrial A/R tolerance. 

It is well established that ETS complexes can assemble into higher-order 

structures known as supercomplexes (1), and that these supercomplexes can increase 

respiration efficiency and reduce ROS production (60). Cardiolipin is a phospholipid that 

is known to stabilize supercomplexes (60, 64) and cardiolipin content of liver 

mitochondria increases by 50% in Arctic ground squirrels in the winter compared to the 

summer (45). Differential tolerance to A/R is best explained as a function ROS 

production in my study. If supercomplex stability is truly enhanced in hibernators during 

the winter compared to summer, this may contribute to reduced ROS production and 

therefore protection from A/R during hibernation.   

There are various physiological changes that correspond with the seasonal 

transition to hibernation and the transition from torpor to IBE that may confer tolerance 

to A/R at the mitochondrial level. These data suggest that the IBE state confers some 

tolerance to A/R compared to SA, and this effect is enhanced in torpor. Differential ROS 

production and scavenging capacity may underlie these differences. I propose that the 

mechanisms conferring tolerance to A/R during hibernation may include: (i) PTMs that 

suppress activity of ETS enzymes and prevent ROS production in torpor; (ii) increased 

antioxidant capacity in IBE; (iii) upregulation of proteins associated with stress tolerance 

in IBE and torpor; and (iv) enhanced supercomplex stability and lower ROS production 

in IBE and torpor. Functional analyses should investigate these specific pathways to 

elucidate their role in hypoxia tolerance. 
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CHAPTER 5 

5 CONCLUSIONS AND FUTURE DIRECTIONS 

The goal of this study was to determine whether mitochondrial metabolic plasticity 

during hibernation could partly explain tissue-level hypoxia tolerance. My findings 

demonstrate greater anoxia tolerance in mitochondria isolated from ground squirrels 

during the hibernation season—especially during torpor—compared to SA squirrels. This 

mitochondrial anoxia tolerance likely contributes to the well-documented hypoxia-

tolerant phenotype of multiple hibernator tissues.   

 Anoxia tolerance in these isolated mitochondria is likely associated with reduced 

oxidative stress upon re-oxygenation, as increasing the duration of anoxia from five to 30 

mins did not further affect post-anoxic mitochondrial performance. I assessed maximal 

enzyme activity of three ETS complexes before and after anoxia to explain differences in 

performance, and the decreases in maximal activity that I report could have resulted from 

oxidative damage. Ideally, future studies could confirm this by measuring markers of 

oxidative stress (such as lipid peroxidation products, aconitase activity, GSSG:GSH 

ratios, protein carbonylation) and comparing these markers among groups. Unfortunately 

the small amount of sample recovered from respirometry experiments did not allow for 

such measurements to made in my study. Recently, fluorescent probes have been 

developed for the Oxygraph. These could be used to measure ROS production and O2 

consumption simultaneously in mitochondria before and after anoxic exposure, and 

compare rates between torpor, IBE and SA.  

 Following anoxia exposure, the increase in ST4 respiration in SA mitochondria 

was much greater compared with the other groups. To investigate mechanisms underlying 

this differential effect, immunoblot analysis of mitochondrial lysates could be performed 

to determine if UCP and ANT expression is elevated in mitochondria isolated from torpor 

animals. In addition, future respirometry experiments should inhibit UCPs and ANTs 

after anoxic exposure with GDP and CAT, respectively. If ST4 decreased significantly 

with the addition of these inhibitors, towards pre-anoxia levels, this would suggest that 

A/R stimulates ROS production which activates UCPs and ANTs, thereby uncoupling 
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respiration. If these inhibitors decrease ST4 only marginally, this would suggest increases 

in proton leak that are more consistent with damage to IMM phospholipids, perhaps due 

to a greater stimulation of ROS production. Regarding the putative role of UCPs in 

oxidative stress tolerance, it would be interesting to see whether addition of free-fatty 

acids, which activate UCPs, to mitochondria during anoxia could improve mitochondrial 

performance after re-oxygenation by inducing mild uncoupling and limiting ROS 

production.     

 Whether post-anoxia decreases in ST3 are the result of oxidative damage or 

regulatory modifications to mitochondrial enzymes during anoxia (e.g. reduced complex I 

capacity after S-nitrosylation) is unknown. In future experiments, ST3 should be 

measured initially after re-oxygenation, and 30 minutes after re-oxygenation, because a 

previous study determined that the inhibitory effects of S-nitrosylation on complex I can 

take 30 minutes to completely reverse (21). Also, the presence of post-translational 

modifications that are known to confer hypoxia tolerance (e.g. SUMOs, S-nitrosylation) 

should be compared among hibernation states to determine whether any modifications 

correlate with functional data.  

 My study demonstrates functional differences among hibernation states in their 

response to anoxia that may allow for tissue-level hypoxia tolerance in hibernators. My 

data also suggest mechanisms that may underlie these differences, developing hypotheses 

for further exploration. Although mitochondria are an important component of cellular 

and tissue metabolism, tolerance to anoxia and I/R involves both mitochondrial and 

extra-mitochondrial processes, so future studies should aim to repeat a similar design 

using whole cells to better represent the in vivo environment.  
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APPENDIX 

Appendix 1. Animal use ethics approval 
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Performance Metric
Group

Torpor IBE Summer Rat

ST3i 79.15±6.44 112±6.01 121±8.44 47.4±7.77

ST3a 59.2±6.19 60.4±4.27 68.4±9.59 28.04±4.27

ST4i 33.2±3.88 24.0±3.96 20.3±3.70 6.72±0.89

ST4a 39.6±4.93 29.6±4.05 47.7±3.03 18.99±1.31

Appendix 2. Mean absolute respiration rates of all groups 

Values are mean ± SE (nmol O2 min-1 ml-1 mg protein-1). ST3=State 3, 

ST4=State 4, i = initial, a = post-anoxia 
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Appendix 3. Interaction plots of complex I- and II-linked maximal 

respiration (A) and leak respiration (B) of liver mitochondria before 

and after 30 minutes of anoxia. Data are presented as mean ± SE for N=6 torpor 

N=6 IBE and N=8 summer samples. These data were analyzed paired t-tests. In ST3 

(A) anoxia had a significant effect on IBE (*, t5=6.65, P=0.001) and summer 

mitochondria (*, t7=4.18, P=0.004) but no effect on torpor (t5=0.64, P=0.55). In ST4 

(B) anoxia had a significant effect on all groups (†, torpor: t5=3.36, P=0.02; IBE: 

t5=11.05, P=0.0001; SA: t7=2.93, P=0.022).  
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