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Abstract 

The wood frog, Rana sylvatica, can survive freezing up to 65% of its body water in 

subzero temperatures and endures anoxia due to the cessation of vital functions while 

frozen. Fluctuating oxygen levels, particularly upon reperfusion and reoxygenation, 

increase vulnerability to reactive oxygen species and oxidative damage to 

macromolecules, including DNA. This thesis assesses DNA damage and responses by 

antioxidant capacity and DNA damage repair pathways to freezing or anoxia in wood 

frog liver and skeletal muscle. DNA oxidation remained largely constant, with observed 

increased antioxidant capacity in anoxia but not freezing. Although many observed DNA 

repair proteins displayed constant expression through stress and recovery, the MRN 

complex, Ku heterodimer, and ligation complexes, displayed changes in expression that 

vary based on tissue and stress. Overall, the data indicate that DNA damage is minimized 

through tissue and stress specific regulation of antioxidant capacity and DNA damage 

repair to preserve genomic integrity. 
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1.1 Survival strategies at extreme cold temperatures  

Organisms found in climates that encounter subzero temperatures face many 

challenges, as they typically must endure extended winter periods of physiological stress 

with cold temperatures, limited food supply and often low oxygen availability and limited 

water supply. In order to survive long-term exposure to subzero temperatures, animals 

typically exhibit metabolic rate depression until the environmental conditions are 

conducive for return to their normal active lifestyle (Storey and Storey, 2004a). However, 

not all animals have the necessary physiological adaptations to survive cold, harsh 

winters, and conditions can be detrimental for these organisms when they encounter 

extreme conditions. There are potential chill and freezing injuries, mainly reflected in the 

disruption of protein and lipid structures, that could cause irreversible damage to these 

organisms (Storey and Storey, 1988).  As a result, organisms found in these environments 

have adopted a variety of strategies to survive at cold temperatures. Animals typically 

display either freeze avoidance or freeze tolerance in order to survive cold, harsh climates 

(Storey and Storey, 1988).  

There are multiple adaptive strategies for dealing with cold winters. Some animals 

such as the Swainson’s thrush (Catharus ustulatus), the willow warbler (Phylloscopus 

trochilus), and Monarch butterfly (Danaus plexippus) exhibit behavioural changes and 

seasonally migrate to warmer climates  to escape the cold environment by displacing to 

warmer climates (Merlin and Liedvogel, 2019). Many other species that cannot make 

major geographic relocations use more minor moves to place themselves in safer winter 

locations; e.g. many species insects, arthropods and others dig underground to place 

themselves below the frost line whereas others retreat underwater for the winter. The red-
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eared slider turtle (Trachemys scripta elegans) is an example of a reptile that finds a 

thermal buffered environment to survive the cold, as they overwinter under ice-locked 

lakes and ponds as their freeze avoidance strategy (Wijenayake and Storey, 2016). Other 

species that cannot avoid exposure to subzero environments instead produce their own 

antifreeze,  producing high levels of cryoprotectants (such as sorbitol, glycerol, ribitol, 

mannitol, glucose, trehalose, etc.) to prevent freezing of body fluids (Morrissey and 

Baust, 1976; Storey and Storey, 1988). One prominent example of both these freeze 

avoidance techniques is the larvae of the goldenrod gall moth (Epiblema scudderiana), 

which lower their supercooling point to about -38°C by producing massive amounts of 

glycerol (levels often exceeding 2 molar) to survive the winter inside galls on the stems 

of goldenrod  (Rickards et al., 1987; Storey and Storey, 2012).  

 In contrast to freeze avoidance, other organisms have developed freeze tolerance 

strategies in order to cope with subzero temperatures. Animals that are freeze tolerant are 

able to survive the physiological strain of their body fluids freezing by managing the 

freezing process; water exits cells at a slow rate to freeze as extracellular ice and cells 

respond by synthesizing osmolytes (e.g. sugars, urea) to avoid full cellular dehydration 

and to protect macromolecules (proteins, membranes) from damage (Storey and Storey, 

1988). There is significant phylogenetic diversity in animals that exhibit freeze tolerance 

including marine invertebrates, insects, amphibians, and reptiles (Storey and Storey, 

1988; Storey 1990; Packard and Packard, 2004). An example of a freeze tolerant reptile is 

the painted turtle (Chrysemys picta) hatchling; these hatch in their underground nests in 

late summer but overwinter within the nest until the following spring to evade predators. 

In remaining in their nest through the winter, painted turtle hatchlings exhibit freeze 
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tolerance in some geographic locations (surviving down to approximately -4°C) whereas 

in parts of their geographic range they use the supercooling strategy of freeze avoidance 

(Storey et al., 1988; Costanzo et al., 2000).  

Freeze tolerant animals share common challenges and adaptive strategies to cope 

with the stresses that they must endure. Since intracellular ice can cause severe structural 

and physiological damage to tissues, the formation of ice in freeze tolerant organisms 

typically occurs only in extracellular spaces (Storey and Storey, 2017). A basic tenet of 

freeze tolerance is the initiation of ice nucleation upon epithelial contact with ice crystals 

in the environment, mediated by ice nucleating proteins (INPs), or by ice-nucleating 

bacteria on the skin or in the gut at high subzero temperatures just below the freezing 

point of body fluids. The action of these ice nucleators helps ice formation to occur at a 

slow rate and minimizes physiological damage to the organism (Costanzo and Lee, 1996; 

Zachariassen and Kristiansen, 2000; Storey and Storey, 2017). The formation of ice in 

extracellular spaces elevates the osmolality of remaining extracellular fluid, and thereby 

draws out intracellular water. As such, organisms need to endure cellular dehydration, 

that also causes a strong reduction in organ sizes over long-term periods of freezing 

(Storey and Storey, 2017). The extended period of inactivity and cessation of vital 

functions upon freezing also causes cellular hypoxia/anoxia and ischemia. Therefore, 

these organisms must have a well-adapted glycolytic capacity and be able to store and 

manage the use of endogenous fuel reserves (Storey and Storey, 1988; Storey and Storey, 

2017). The complexity of natural freeze tolerance allows for the continual discovery of 

molecular and physiological underpinnings of freezing, and can be used to broaden 
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understanding in medical research such as cryopreservation of organs, diabetes, and 

conditions related to ischemia.  

 

1.2 The wood frog, Rana sylvatica, as a freeze tolerant model 

The wood frog, Rana sylvatica, is best studied vertebrate model of freeze tolerance. Its 

geographical range spans from the Arctic Circle in Alaska, through southern Canada, to 

the Piedmont Plateau in Ohio (Larson and Barnes, 2016; Costanzo, 2019) (Figure 1.1). 

These terrestrial anurans burrow under layers of leaves in the subnivean space where they 

freeze during the winter months. Their choice of hibernacula is crucial, as their insulated 

hibernacula will rarely drop below -5 to -7°C even when air temperatures drop to -30°C 

above the snowpack.  By remaining in this insulated environment, R. sylvatica can 

maintain its body temperature closer to its freezing point and minimize cell dehydration 

(Schmid, 1982; Storey and Storey, 2013). Since R. sylvatica have such a vast 

geographical range, there is variance in freeze tolerance capacity based on their native 

geographical location. Wood frogs found in the subarctic region in Alaska can endure 

colder temperatures, surviving at -18°C in comparison to populations of R. sylvatica in 

southern Canada or Ohio that only endure freezing around -3 to -6°C (Middle and 

Barnes, 2001; Costanzo and Lee, 2013). Northern subarctic populations of R. sylvatica 

also have higher levels of cryoprotectant (glucose and urea), and freeze at a faster rate 

and for a longer duration than southern populations of found in Ohio (Zhang et al., 2014; 

Costanzo et al., 2015; Storey and Storey, 2017). 
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Wood frogs can endure the freezing of up to approximately 65% of their body 

water during the winter, and begin to freeze when temperatures fall below the equilibrium 

freezing point of their body fluids (about -0.5°C) although most individuals generally 

supercool to about -2°C before freezing is triggered. Ice nucleation in this temperature 

range is typically initiated upon epithelial contact with environmental ice, due to freezing 

of their moist surroundings in hibernacula. Ice nucleation is often triggered by the action 

of ice-nucleating bacteria on the skin or in the gut, as well as by INPs that are found in 

the blood (Costanzo and Lee, 1996; Storey and Storey, 1996). From the site of 

nucleation, ice propagates through the extracellular fluids of the frog and, in the process, 

draws water out of cells to join the extracellular ice. In order to protect their cells from 

shrinking too far during freezing, R. sylvatica greatly elevates its intracellular glucose 

levels to help minimize cellular volume reduction (Storey and Storey, 1984; Layne et al., 

1996; Storey and Storey, 2017). Triggered in response to ice nucleation on the skin, 

adrenergic signals are transmitted to liver and, within minutes, a strong activation of liver 

glycogen phosphorylase activity can be measured along with rapid glycogenolysis and 

elevation of plasma and organ glucose levels (Storey and Storey, 1985).  Glucose levels 

are maintained through the freezing period but after thawing glucose is again stored into 

liver glycogen reserves (Storey and Storey, 1984).  

 

1.3 Metabolic rate depression in Rana sylvatica  

Animals that endure extreme environmental stresses often rely on metabolic rate 

depression (MRD) to lower their consumption of stored metabolic fuels and prolong 

survival time, and R. sylvatica is no exception. For wood frogs, the cessation of vital 
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functions in the frozen state (e.g. heart beat, breathing, muscle movement) would be one 

factor that lowers adenosine triphosphate (ATP) demand and another trigger would be 

oxygen depletion over time that could trigger hypoxia/anoxia induced MRD (Storey and 

Storey, 2017).  Indeed, studies have demonstrated the accumulation of lactate in tissues 

of in frozen frogs, pointing towards the use of anaerobic glycolysis as the main ATP-

generating pathway in the frozen state (Storey and Storey, 1984). Furthermore, it has 

been demonstrated in R. sylvatica that levels of CO2 production are drastically reduced as 

frog body temperature approaches 1°C, indicating that as body temperature approaches 

freezing, there is a major suppression of metabolic rate (Sinclair et al., 2013). 

Coordinated suppression ATP use and ATP synthesis leads to strict regulation of ATP 

expenditure causing global suppression of energy expensive processes. This signifies that 

many metabolic processes will be suppressed in order to prioritize vital metabolic 

processes in the frozen state, and that cellular macromolecules will be preserved and 

stabilized to reduce the energy expenditure required for maintenance, repair, degradation, 

or synthesis of these molecules (Storey and Storey, 2004a; Storey, 2015). Additionally, 

many biomarkers, particularly of cell cycle control, are known to be suppressed in R. 

sylvatica in response to freezing, anoxia, or dehydration, demonstrating the striking 

similarity of the MRD response to different environmental stresses (Zhang and Storey, 

2012). Similarly, irreversible and destructive mechanisms such as apoptosis can also be 

suppressed as part of MRD (Storey and Storey, 2007; Gerber et al., 2016). Reversible 

inhibitory controls used during MRD frequently take the form of reversible post-

translational modifications (PTMs) such as protein phosphorylation, and microRNA 

regulation (Storey, 2015).  
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1.4 Freezing and anoxia in Rana sylvatica 

The wood frog is remarkably stress tolerant; as part of its ability to survive 

freezing, these frogs also have well-developed capacities for enduring anoxia, 

dehydration, and hyperglycemia (Storey and Storey, 2017). When freezing, the formation 

of extracellular ice must be carefully regulated in order to avoid any physical tissue 

damage and to cope with the drastic osmotic changes and lack of oxygen and nutrients 

when blood freezes (Storey and Storey, 2001). As such, ice nucleation is triggered just 

slightly below 0°C and this leads to a slow progression of ice formation throughout the 

body (Costanzo and Lee, 1996; Storey and Storey, 2001). The formation of extracellular 

ice causes drastic osmotic changes as solutes remain in the cell. This not only induces 

osmotic stress, but also a reduction in cell volume, causing dehydration. Additionally, all 

vital functions, such as heartbeat, breathing, and muscle movement cease, which results 

in anoxia and ischemia (Storey and Storey, 2017). The experience of freezing, anoxia, 

and dehydration during the winter months signifies that the wood frog is in need of tight 

regulation of metabolic processes and cryoprotectants in order to survive.  

As previously discussed, R. sylvatica uses glucose as its main colligative 

cryoprotectant during the winter months. They carefully regulate glucose levels from 

5mM under normal conditions to as high as 300mM during freezing in order to minimize 

cell volume reduction that occurs due to the formation of extracellular ice (Layne Jr. et 

al., 1996; Storey and Storey 2001, Storey and Storey, 2017). Additionally, glucose can 

help stabilize proteins when the frog is frozen, and does not interfere with the enzymatic 

activity of glycolytic or other enzymes (Storey and Storey, 2004a). R. sylvatica 
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accumulates glycogen over the summer/autumn and, in response to a freezing signal, 

rapidly convert their liver glycogen to glucose through glycogenolysis in the liver. In 

addition to glucose regulation, the liver helps to regulate glucose delivery to other organs 

and tissues as well by exporting glucose into the bloodstream to be distributed to all 

tissues before freezing halts blood flow (Storey and Storey, 1984; Costanzo et al., 1993). 

Although all organs and tissues do require glucose as a cryoprotectant during freezing, 

the propagation of glucose from the body core outwards when freezing occurs causes a 

differential glucose gradient to be observed between tissues. As such, internal organs and 

the brain have much higher concentrations of glucose than peripheral tissues such as 

skeletal muscle and skin during freezing (Storey and Storey, 1988; Storey and Storey 

2001). Furthermore, this differential glucose gradient is part of reason that the peripheral 

tissues to freeze first due to blood flow being cut off, whereas internal organs, such as 

liver and heart (with high levels of glucose) are the last to freeze. Interestingly, thawing is 

equally as tightly regulated as it has also been shown that this glucose gradient causes 

peripheral tissues to thaw after the heart and liver (Rubinsky et al., 1994). To a lesser 

extent, urea is also used as a cryoprotectant, as it is also increases during freezing and 

aids in cellular osmotic regulation. However, urea synthesis is very energy costly as it 

requires ATP in addition to mitochondrial activity, making it less efficient and harder to 

synthesize in comparison to glucose under freezing conditions (Storey and Storey, 2017). 

When thawing, the wood frog will reduce glucose levels at a much slower rate than 

glucose synthesis, and are able to reabsorb glucose through their bladder and convert it 

back to glycogen for any subsequent freeze-thaw cycles (Storey and Storey, 1986; 

Costanzo et al., 1997).  
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As previously introduced, as freezing progresses vital functions such as heart 

beat, breathing and blood circulation come to a halt. As a result, tissues experience 

ischemia and anoxia (Storey and Storey, 2017). The wood frog will have relied on 

anaerobic glycolysis in order to produce ATP and adapt to minimize acidosis from 

anaerobic metabolism while enduring prolonged stress. As such, there are adaptations of 

cellular metabolism in order to facilitate anaerobic survival under anoxia. In addition to 

being an important cryoprotectant, glucose (or glycogen) also becomes the main 

carbohydrate source during anoxia and so control over glycolysis is important. Many 

glycolytic enzymes undergo reversible phosphorylation, predominantly seen in wood frog 

liver as it is the main regulator and storage site of carbohydrates (Storey and Storey, 

2004b; Storey and Storey, 2017). Additionally, recent studies have shown that many of 

these glycolytic enzymes, specifically phosphofructokinase 2, pyruvate kinase, and 

pyruvate dehydrogenase have anoxia and tissue specific regulation in order to facilitate 

prolonged anaerobic glycolysis (Al-attar et al., 2019; Hawkins et al., 2019). Lactate, the 

end product of anaerobic glycolysis, will lead to cellular acidosis upon accumulation. 

Hence, one way to minimize acidosis during long term freezing is to have an alternate 

fate for pyruvate, such as transamination to form alanine; indeed, both lactate and alanine 

accumulate in wood frog tissues during freezing (Storey and Storey, 2004b).  

 

1.5 Reactive oxygen species (ROS) 

As the main contributor to ATP production under most circumstances, 

mitochondria reduce oxygen to form water as the end product of the electron transport 

chain (ETC) that is coupled with oxidative phosphorylation to generate ATP. However, 
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not all oxygen molecules are fully reduced, and oxygen byproducts can form what is  

known as reactive oxygen species (ROS) (Slimen et al., 2014). These endogenous ROS 

can be damaging to cellular macromolecules (including proteins, lipids and DNA) and 

hence organisms maintain antioxidant defences to destroy ROS. Additionally, ROS have 

been shown to be important in signal transduction and apoptosis signalling (Finkel, 2011; 

Schieber and Chandel, 2014). Production of endogenous ROS through cellular oxidative 

metabolism is not the sole method in which ROS can accumulate. Ionizing radiation, 

xenobiotics, and other exogenous environmental stressors can also trigger ROS 

production (Srinivas et al., 2018).  

ROS are generally categorized into free radicals (which contain unpaired 

electrons) and non-radicals (typically formed by two radicals). Hydrogen peroxide 

(H2O2), superoxide radicals (O2
• – 

), and hydroxyl radicals (•OH) are three main ROS of 

biological significance known to cause oxidative damage if not neutralized (Birben et al., 

2012). Superoxide can act as a reducing or oxidizing agent, and react with lipids, 

proteins, and DNA at a biologically insignificant rate. However, the dismutation of O2
• – 

 

is the main source of endogenous H2O2, another prominent ROS. H2O2 has a much higher 

stability in comparison to O2
• –  

which allows it to move from the mitochondria into other 

cellular compartments, such as the nuclei, making it a more biologically relevant and 

dangerous ROS (Hermes-Lima, 2004). What makes H2O2 a more dangerous ROS is its 

conversion to •OH upon homolysis or upon interacting with metals such as Fe
2+

 and Cu
+
. 

The hydroxyl radical is the most highly reactive ROS and has the potential to oxidize 

lipids, proteins, DNA, RNA, and carbohydrates (Hermes-Lima, 2004). ROS implicated 

oxidative damage can be detrimental and has been linked to many diseases and 
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pathologies such as cancer, neurodegenerative diseases, diabetes, cardiovascular diseases, 

and many other aging related diseases (Hermes-Lima, 2004; Balaban et al., 2005; Ray et 

al., 2012). It is therefore imperative for organisms to be able to have the necessary 

antioxidant defences to be able to neutralize ROS to negate and minimize potential 

oxidative damage.   

 

1.6 Antioxidant capacity  

Since R. sylvatica is vulnerable to oxidative damage from ROS due to rapid 

changes in oxygen availability during freeze/thaw, its antioxidant defence system will be 

critical in preventing damage. As previously mentioned, ROS are harmful, as they can 

cause oxidative damage to many biological macromolecules. Studies have demonstrated 

that the inclusion and accumulation of antioxidant defences prior to freezing allows cells 

and tissues to have improved viability during thawing, demonstrating the importance of 

antioxidant defences in survival through the freeze-thaw cycle (Hermes-Lima et al., 

2001). Animals have endogenous enzymatic antioxidant defences, such as catalase, 

superoxide dismutase (SOD), glutathione dependant enzymes (e.g. glutathione 

peroxidases (GPx), glutathione reductase (GR), and glutathione transferases (GSTs)) 

thioredoxin, thioredoxin reductase, and peroxisomes, among others, that work to reduce 

ROS and prevent oxidative stress (Hermes-Lima and Zenteno-Savín, 2002; Elias et al., 

2008). Studies have demonstrated that the enzymatic antioxidants such as catalase, GR, 

and GPx show increased activity and phosphorylation as well as differential regulation 

during freezing in R. sylvatica to account for the increased threat of ROS (Joanisse and 

Storey, 1996; Dawson and Storey, 2016; Dawson and Storey, 2017). These studies have 
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demonstrated the importance of enzymatic antioxidant defences in R. sylvatica during the 

freeze-thaw cycle to prevent oxidative damage.  

Additionally there are non-enzymatic factors, such as ascorbic acid, vitamin E, 

glutathione, bilirubin, uric acid, etc. that also work in an antioxidant capacity to detoxify 

ROS in order to mitigate oxidative stress (Hermes-Lima and Zenteno-Savı́n, 2002; 

Wahlqvist, 2013). Ascorbic acid is endogenously made from glucose in R. sylvatica and 

is an important non-enzymatic antioxidant factor as it can neutralize O2
• – 

, •OH, singlet 

oxygen, and other known ROS to prevent oxidative damage of lipids, proteins, and DNA 

(Hermes-Lima, 2004). Ascorbic acid also has the ability to regenerate vitamin E and uric 

acid, further demonstrating its biological importance (Chan, 1993; Hermes-Lima 2004). 

Vitamin E is a prominent non-enzymatic antioxidant factor that cannot be endogenously 

made which signifies it must be obtained through diet. Vitamin E has eight known 

isoforms and scavenges for ROS, and is mainly attributed in the prevention of lipid 

peroxidation (Hermes-Lima, 2004; Niki, 2014).  Although glutathione has a major role in 

antioxidant enzymatic activity, it also has non-enzymatic antioxidant capacity and can 

neutralize singlet oxygen, •OH, reactive nitrogen species (which also lead to oxidative 

stress), and other ROS. Glutathione is also involved in ascorbate metabolism, adding to 

its diverse roles (Hermes-Lima, 2004). Bilirubin is also a non-enzymatic antioxidant 

factor that is known to scavenge peroxyl radicals and prevent lipid peroxidation (Stocker 

et al., 1987). Uric acid is another major non-enzymatic antioxidant factor that is able to 

scavenge and neutralize many ROS and other free radicals such as H2O2 to prevent lipid 

peroxidation (Hermes-Lima 2004; Sautin and Johnson, 2008). There are many more 

endogenous and exogenous non-enzymatic antioxidant factors that contribute to 
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minimizing and regulating ROS levels. The diversity of these non-enzymatic antioxidant 

factors are crucial in helping with overall antioxidant capacity, and reflect the diversity of 

ROS and types of oxidative damage organisms can potentially encounter.  

  

1.7 DNA double stranded break (DSB) repair 

When antioxidant capacity is oversaturated due to excessive rates of ROS 

production, there is an increased risk for oxidative stress and damage to the organism 

(Sies, 1986). Although animals can increase enzymatic antioxidants to deal with  

increased rates of ROS production (Hermes-Lima and Zenteno-Savı́n, 2002), oxidative 

damage can still occur to lipids, proteins, and DNA when levels oversaturate antioxidant 

capacity. Oxidative damage to DNA is particularly consequential, as it can lead to base 

pair modifications and DNA breaks that cause genomic instability (Hermes-Lima, 2004; 

Alnajjar and Sweasy, 2019). For example, oxidative damage to DNA is known to 

contribute to carcinogenesis and many aging-related diseases. Additionally, there are a 

plethora of base pair modifications and DNA breaks that are possible upon exposure to 

ROS, adding to the complexity of the consequences that can arise (Hermes-Lima, 2004). 

Damage or modification to base pairs can be repaired in three ways: by nucleotide 

excision repair (NER), base excision repair (BER), or mismatch repair (MMR). The 

general principle of these repair pathways is to identify damage or modification to base 

pairs, excise the identified base pairs, insert the correct base pairs, and ligate the 

corrected area of the strand (Friedberg, 2003). Oxidative damage in the form of DNA 

breaks can cause either single stranded breaks (SSB) or double stranded breaks (DSB). 

DSB are particularly threatening as they can lead to chromosomal discontinuity if left 
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unrepaired. Additionally, there is a high risk of mutations and chromosomal 

rearrangement if DSB are not repaired correctly (Cannan and Pederson, 2016). As such, 

there are repair mechanisms for DSB that are imperative for maintaining genomic 

stability, and are important amid the experience of oxidative stress, especially when 

antioxidant defences are overwhelmed.  

The two main pathways of DSB repair are non-homologous end joining (NHEJ) 

and homologous recombination (HR). Both these repair pathways include identifying 

DSB, having nuclease and polymerase activity to correct the damage, and having proteins 

that ligate the two strands of DNA back together (Friedberg, 2003). NHEJ is the most 

commonly chosen repair pathway and works by essentially rejoining the two broken 

strands of DNA at the DSB (Friedberg, 2003; Chang et al., 2017). In NHEJ, the Ku 

heterodimer, formed by Ku70 and Ku80, mark the site of the DSB, stabilize the broken 

ends, act as a scaffold for subsequent repair proteins, and recruit proteins involved in the 

pathway, namely the DNA-dependent protein kinase, catalytic subunit (DNA-PKcs), a 

protein kinase that can activate signaling transduction of DSB repair (Chang et al., 2017). 

Additionally, the Mre11-Rad50-Nsb1/p-95 complex (MRN complex) is another 

important protein complex involved in identifying double-stranded breaks, tethering and 

stabilizing broken ends, and signaling ataxia telangiectasia mutated (ATM), one of the 

main protein kinases that signals and activates DSB repair (Lamarche et al., 2010). ATM 

can be phosphorylated by DNA-PKcs in attempt to regulate the choice of DSB repair 

pathway (NHEJ or HR), showing the interaction between protein kinases and their ability 

to help direct the repair pathway choice (Chang et al., 2017).  
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After the broken strands are identified and tethered, the repair can occur. If the 

area of the DSB contains any mismatched or damaged nucleotides, end processing must 

take place to repair the nucleotides. There are nucleases that are activated in order to 

resect the mismatched or damaged nucleotides. The main nuclease activity in NHEJ is 

found through DNA-PKcs (previously activated by the Ku heterodimer) activating 

Artemis, an endonuclease which then removes the nucleotides (Ma et al., 2005; Chang et 

al., 2017). There are many other proteins that may have nuclease activity at this point, 

including the MRN complex, however these nucleases have not been well characterized 

in the context of NHEJ, and the activity of DNA-PKcs and Artemis have been shown to 

be the primary source of nucleation (Lamarche et al., 2010; Chang et al., 2017). When the 

mismatched or damaged area is removed, polymerases then add in correct nucleotides. In 

the context of NHEJ, this is mainly attributed to DNA polymerase μ and DNA 

polymerase λ (Chang et al., 2017). When the repair is finished, ligation then must take 

place to join the broken ends. Ligation is completed through the interaction of DNA 

Ligase IV, X-ray repair cross-complementing protein 4 (XRCC4), and XRCC4-like 

factor (XLF) (Koch et al., 2004;Chang et al., 2017).  

As previously mentioned, homologous recombination (HR) is the other main 

repair pathway for DSB. The basis of HR in the context of DSB repair is to use an 

undamaged template strand to be able to determine the correct nucleotides needed in 

order to correctly reconstruct the DSB (Mao et al., 2008). This method of repair based on 

a template sequence allows for an extremely accurate repair since HR requires a template 

strand from the sister chromatid and therefore can only occur during the S and G2 phases 

of the cell cycle (Arnoult et al., 2017). HR begins with the MRN complex marking the 
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DSB and initiating end resection through recruiting and working in tandem with CtIP 

(Jasin and Rothstein, 2013). After initial end resection, slow growth suppressor 1 (Sgs1), 

a helicase, works to unwind the DNA at the break, and exonuclease 1(Exo1) is a nuclease 

that cuts the unwound single stranded DNA (ssDNA) (Mimitou and Symington, 2008).  

Filament formation and pairing then occurs by binding of Rad51 onto ssDNA, with the 

help of other proteins such as breast cancer type 1 susceptibility protein (BRCA1), Rad52 

and other Rad51 paralog proteins, to form a nucleoprotein and initiate strand invasion to 

form what is known as a D-loop (Suwaki et al., 2011; Jasin and Rothstein, 2013). The 

newly formed nucleoprotein has the critical role of aligning with the homologous DNA 

strand that acts as a template for repair (Suwaki et al., 2011). After strand invasion, 

Rad52 then promotes strand exchange through the formation of the Holliday junction. 

Subsequent migration and resolution of the Holliday junction is regulated by Rad54, 

GEN1, and SLX1/4. The resolution of the Holliday junction can cause exchange of 

information from the opposite strand and results in the repaired DSB having a crossover 

or non-crossover sequence (Suwaki et al., 2011; Grabarz et al., 2012).  

There are still many studies aimed at determining details of the exact mechanisms 

of both NHEJ and HR, the interactions between both DSB repair pathways, and the 

regulation of repair pathway choice. HR is known to be the more accurate and reliable 

method of repair due to its dependence on the homologous strand for repair. By contrast, 

is has been shown that there is a risk of mutations through NHEJ since this pathway of 

DSB repair works to ligate broken ends with no analysis of homology (Mao et al., 2008). 

However, NHEJ is by far the more dominant pathway of DSB repair since it is efficient 

and much faster than HR, and unlike HR, can occur during any point of the cell cycle 
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(Rothkamm et al., 2003; Mao et al., 2008). This present study thesis aims to characterize 

non-enzymatic antioxidant capacity and DNA DSB repair in R. sylvatica tissues under 

freezing and anoxia stresses. 

 

1.8 Hypothesis and objectives 

Hypothesis: Oxidative damage to the genome in the wood frog is minimized through both 

stress specific and tissue specific regulation of antioxidant defences and DNA DSB repair 

pathways. 

Since R. sylvatica endures freezing and anoxia stresses while preserving complete 

cellular viability, this implies that the frog is able to maintain genomic integrity amid 

these stresses. Previous studies have demonstrated that each tissue has a unique role that 

leads to tissue specific regulation of many pathways through stress and recovery. 

Additionally, studies have demonstrated stress-specific responses in many pathways in R. 

sylvatica.  Therefore, this thesis aims to test this hypothesis by examining genomic 

integrity through measurements of DNA oxidative damage, total antioxidant capacity, 

and protein markers of DSB repair.  

 In order to test this hypothesis, Chapter 3 analyzes the relative expression of 

oxidized guanine species as a measure of DNA oxidative damage occurring over the 

freeze-thaw cycle in the liver and skeletal muscle of wood frogs. Total relative 

antioxidant capacity of these two tissues is assessed to determine if oxidative damage is 

minimized through non-enzymatic antioxidant responses. Additionally, the expression of 

eight prominent NHEJ and HR protein markers (Mre11, Rad50, phospho-p95, DNA 
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Ligase IV, XRCC4, XLF, Ku70, and Rad51) are quantified to determine the involvement 

of DNA DSB repair responses in liver and skeletal muscle during freeze-thaw. Chapter 4 

further tests the hypothesis by analyzing how these same parameters (DNA damage, total 

antioxidant capacity, DSB repair markers) respond to the related stress of an anoxia-

reoxygenation cycle in the two tissues. Anoxia-reoxygenation is well known to generate 

oxidative damage and modulate antioxidant defenses in many species. A comparison of 

freeze versus anoxia responses could suggest the origin of DNA damage and antioxidant 

responses to freezing and determine if freezing initiates unique adaptive responses. 
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Figure 1.1 Geographical range of the wood frog, Rana sylvatica. 

(Image retrieved from https://nhpbs.org/wild/woodfrog.asp) 

  

https://nhpbs.org/wild/woodfrog.asp
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Figure 1.2 The non-homologous end joining (NHEJ) and homologous recombination 

(HR) pathways of double stranded break (DSB) repair (Lans et al., 2012). 



22 

 

 

 

Chapter 2 

Materials and Methods 
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2.1 Animal experiments 

Adult male wood frogs (Rana sylvatica) were collected during springtime from 

breeding ponds in the Ottawa region and transported to Carleton University on ice. All 

frogs were treated in a tetracycline bath for ~10 min and subsequently placed in plastic 

containers lined with damp sphagnum moss. Frogs were then acclimated at 5°C for a two 

week period before use. Control frogs were sampled from this condition, euthanized by 

pithing, and then tissues were rapidly dissected and immediately flash frozen in liquid 

nitrogen and stored at –80°C for future use.  

 For freezing exposure, a subset of frogs were placed in plastic containers lined 

with damp paper towels and placed in an incubator at –4°C for 45 minutes to lower their 

temperature below the supercooling point of body fluids and trigger freezing. After this 

initial cooling period, the temperature of the incubator was raised to –2.5°C for 24 hours 

and then half of the frozen frogs were sampled at random as the frozen condition. The 

rest of the frogs were then returned to an incubator at 5°C for 8 hours before sampling as 

the thawed condition. Euthanasia and tissue sampling were as described above for 

controls.  

For anoxia exposure, the following setup was used. A beaker of distilled water 

was bubbled with 100% nitrogen gas for 30 minutes and then small amounts were used to 

dampen paper towels that were used as the lining for plastic jars to hold the frogs. After 

securing the lid, 100% nitrogen gas was flushed into the jars for approximately 15-20 

minutes while the jars sat in crushed ice. Groups of 5-6 frogs that had been previously 

acclimated at 5°C were then placed into each container and then lids were sealed with 

parafilm. The lid to each container had two openings, one to allow nitrogen gas to enter 
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and the other to vent out of the container. Jars were flushed with nitrogen gas for a further 

30 minutes, then the vents were closed and the containers were returned to a 5°C 

incubator for 24 hours. After 24 hours, half the frogs were sampled as the anoxia group. 

To do this, jars were returned to a crushed ice bath, flushing with nitrogen gas was 

reinstated and then frogs were very quickly sampled to minimize exposure to air. The 

remaining frogs were transferred to new plastic chambers (with room air), and incubated 

at 5°C for 4 hours to allow for recovery from their anoxia exposure. Euthanasia and 

tissue sampling were as described above for controls.  

All animal care and experimentation protocols had the approval of the Carleton 

University Animal Care Committee and followed guidelines of the Canadian Council of 

Animal Care.  

 

2.2 Total soluble protein extraction  

Total soluble protein was extracted from liver and leg skeletal muscle samples of 

control, 24 hour frozen, 8 hour thaw, 24 hour anoxia, and 4 hour recovery conditions. 

Liver and skeletal muscle samples (n=4 independent biological replicates) were weighed, 

then crushed with a mortar and pestle under liquid nitrogen, and homogenized 1:2 w:v 

using a Polytron homogenizer  and ice-cold homogenization buffer: 20 mM HEPES pH 

7.4, 100 mM NaCl, 0.1mM EDTA, 10 mM NaF, 1.0 mM Na3VO4, 10 mM β-

glycerophosphate, with a few crystals of phenylmethylsulfonyl fluoride (PMSF) and 1.0 

µL/mL of protease inhibitor cocktail (BioShop Canada Inc., Burlington, ON, Canada; 

Catalogue # PIC002) added immediately before homogenizing. Homogenates were then 
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centrifuged at 10,000 x g for 15 minutes at 4°C, and the supernatants containing soluble 

proteins were collected.  

 

Quantification of protein concentration in each sample was performed using the 

BioRad prepared protein assay (BioRad Laboratories, Hercules, CA, USA; Catalogue # 

5000006) and color development was read at 595nm on a MR5000 microplate reader 

(Dynatech Laboratories, Chantilly, VA, USA). All liver and control skeletal muscle 

protein concentrations were then standardized to a final concentration of 10 µg/µL by 

adding small aliquots of the aforementioned homogenization buffer. For samples from 24 

hour frozen, 8 hour thaw, 24 hour anoxic, and 4 hour recovery skeletal muscle, protein 

concentrations were standardized to 5 µg/µL using homogenization buffer. Standardized 

protein extract samples were then mixed 1:1 v/v with SDS buffer (pH 6.8) containing 100 

mM Tris-HCl, 4% w/v SDS, 20% v/v glycerol, 0.2%  w/v bromophenol blue, and 10% 

v/v β-mercaptoethanol. All liver and control skeletal muscle samples had a final 

concentration of 5 µg/µL, and 24 hour frozen, 8 hour thaw, 24 hour anoxic, and 4 hour 

recovery skeletal muscle samples had a final concentration of 2.5 µg/µL. All samples 

were boiled for 5-10 minutes, cooled on ice for ~5 minutes to allow for denaturation and 

linearization of proteins, and then stored at –40°C until use.  

 

2.3 Western blotting 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out on all liver and skeletal muscle samples by loading equal amounts (25-50 µg) 
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of total protein into wells on SDS-polyacrylamide gels. A lane containing 5-7 µL of 

PiNK Plus pre-stained protein ladder (10.5 – 175 kDa; FroggaBio, Toronto, ON, Canada, 

Catalogue # PM005-0500K) or BLUeye pre-stained protein ladder (10-245 kDa; 

FroggaBio, Toronto, ON, Canada, Catalogue # PM007-0500) was also loaded as the first 

lane on each gel for protein size reference, along with a second lane loaded with 4 µL of 

a positive control sample of either a liver or skeletal muscle extract from 13-lined ground 

squirrels. The discontinuous SDS-polyacrylamide gels were composed of an upper 

stacking gel containing Tris buffer pH 6.8, 4% v/v acrylamide, 0.1% w/v SDS, 0.1% w/v 

ammonium persulfate (APS), and 0.1% N,N,N’,N’-Tetramethylethane-1,2-diamine 

(TEMED), and a lower resolving gel containing Tris buffer pH 8.8, 6-12% acrylamide 

v/v (depending on the molecular weight of the target protein), 0.1% w/v SDS, 0.1% w/v 

APS, and 0.1% v/v  TEMED. Using a BioRad Mini Protean III system (BioRad 

Laboratories, Hercules, CA, USA), SDS-PAGE was then carried out at 180V for 45-200 

minutes in 1X Tris-glycine SDS running buffer containing 25 mM Tris-base, 190 mM 

glycine, and 0.1% w/v SDS, pH 8.3-8.5. Resolved gels were then transferred onto a 0.45 

µm pore polyvinylidene difluoride (PVDF) membrane (Millipore, Etobicoke, ON, 

Canada, Catalogue #IPVH00010) by electroblotting with transfer buffer (containing 25 

mM Tris-base, 192 mM glycine and 10% v/v methanol, pH 8.5) for 90-950 minutes.  

Transferred PVDF membranes were then washed and equilibrated in Tris-

buffered saline with Tween-20 (TBST) containing 20 mM Tris-base, 140 mM NaCl, and 

0.05% v/v Tween-20, pH 7.6 for 5 minutes and subsequently blocked with 2-6% milk 

dissolved in TBST for or left unblocked in TBST for 30 minutes at room temperature. 

PVDF membranes were washed three times in TBST for 5 minutes, and then incubated 
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with the primary antibody of interest, diluted at 1:1000v/v in TBST overnight or for two 

nights at 4°C. Following incubation, PVDF membranes were washed three times in 

TBST for 5 minutes, and then incubated with 1:6000 or 1:7000 diluted horseradish 

peroxidase (HPR)-conjugated anti-rabbit secondary antibody (BioShop Canada Inc., 

Burlington, ON, Canada; Catalogue #APA007.2) for 30 minutes at room temperature, 

followed by washing three times in TBST for 5 minutes. Membranes were then 

visualized by chemiluminescence using 600 µL of hydrogen peroxide and 600 µL of 

luminol, and subsequently imaged using a ChemiGenius Bioimaging System (Syngene, 

Frederick, MD, USA). After imaging, PVDF membranes were stained with Coomassie 

blue (0.25% w/v Coomassie brilliant blue, 7.5% acetic acid, 50% methanol) and then a 

group of blue bands that was present and common in each lane but were not close to the 

target band of interest were imaged and used for standardization. The immunoblot band 

density was then expressed relative to the combined density of the group of Coomassie 

stained bands in the same lane. Analysis of band intensities was then completed using 

Gene Tools software (Syngene, Frederick, MD, USA) including standardizing the 

immunoreactive bands in each lane against the corresponding Coomassie stained image. 

Statistical analysis was completed using RBioPlot (Zhang and Storey, 2016).  

 

2.4 Total DNA extraction 

Total DNA extraction was completed using an extraction kit (Zymo Research, 

Irvine, CA, USA; Catalogue# D4068). All buffers, reagents, columns, and collection 

tubes used during DNA extraction were provided in the kit. Samples (25-38 mg) of liver 

and skeletal muscle tissues from control, 24 hour frozen, 8 hour thaw, 24 hour anoxic, or 
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4 hour recovery conditions were weighed and put into microcentrifuge tubes. Aliquots of 

95 µL distilled water, 95 µL solid tissue buffer, and 10 µL of Proteinase K were then 

added to each tube and then samples were incubated at 55°C for ~20 hours in an 

incubator. They were then centrifuged at 12 000xg for one minute to remove any 

insoluble debris and subsequently transferred to a clean microcentrifuge tube. A 400 µL 

aliquot of genomic binding buffer was then added to each supernatant and mixed. The 

mixture was then layered onto a column placed in a collection tube, and centrifuged at 12 

000xg for one minute, after which these collection tubes were discarded and replaced 

with new tubes. DNA pre-wash buffer (400 µL) was then added to each column followed 

by centrifugation at 12 000xg for one minute, and then removal of the eluate from the 

collection tube. A 700 µL aliquot of g-DNA wash buffer was then added to each column 

and centrifuged again at 12 000xg for one minute, and the contents in the collection tube 

were emptied. A final 200 µL of g-DNA wash buffer was then added to the column and 

centrifuged at 12 000xg for one minute, at which point the contents in the collection tube 

were discarded. Next, 50 µL of DNA elution buffer was added to the column in a clean 

microcentrifuge tube and incubated for five minutes at room temperature to allow for 

DNA elution. The samples were then centrifuged a final time at 12 000xg for one minute. 

All samples were then stored at –40°C until use.  

 

2.5 DNA Damage ELISA Kit 

A DNA/RNA Oxidative Damage ELISA kit (Cayman Chemical, Ann Arbor, MI, 

USA; Catalogue #589320) was used to assess stress-induced oxidative damage to liver 

and skeletal muscle tissues. This assay is an acetylcholinesterase competitive ELISA that 
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measures the three forms of oxidized guanine species (8-hydroxy-2’-deoxyguanosine 

from DNA, 8-hydroxyguanine from DNA or RNA, and 8-hydroxyguanosine from RNA) 

by detecting the binding of the oxidatively damaged guanine in competition with an 8-

OH-dG-acetylcholinesterase conjugate. All buffers and reagents used during the assay 

were provided in the kit by the manufacturer. DNA extraction from liver and skeletal 

muscle tissues was performed as described in Chapter 2.4, and DNA concentrations 

were determined using a Take 3 Micro Volume Plate (Biotek Intruments Inc., Winooski, 

VT, USA). DNA concentrations in liver and skeletal muscle DNA extracts were 

normalized to 15 and 14 µg/µL, respectively, through the addition of small volumes of 

ELISA buffer that varied depending on the original sample concentration. Nuclease p1 

(1µL) (Sigma-Aldrich, St. Louis, MO, USA; Catalogue# N8630-IVL) was added to all 

samples and then samples were incubated at 55°C for one hour in a thermocycler 

(Eppendorf, Hamburg, Germany; Catalogue# 6335000020). Subsequently, alkaline 

phosphatase (New England BioLabs, Ipswich, MA, USA; Catalogue# M0290S) was 

added to the samples followed by a further incubation in the thermocycler at 37°C for 30 

minutes.  

In order to validate results, the kit-supplied microplate contained a blank well, a 

non-specific binding well (containing 100 µL of ELISA buffer and 50 µL of DNA/RNA 

Oxidative Damage AChE Tracer), a maximum binding well (containing 50 µL of ELISA 

buffer, 50 µL of DNA/RNA Oxidative Damage AChE  tracer, and 50 µL of DNA/RNA 

Oxidative Damage ELISA Monoclonal Antibody), and a final total activity well 

(containing 5 µL of DNA/RNA Oxidative Damage AChE Tracer added after incubation 

of the plate). A set of standards diluted to 3000 pg/mL, 1333 pg/mL, 592.6 pg/mL, 263.4 
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pg/mL, 117.1 pg/mL, 52.0 pg/mL, 23.1 pg/mL, and 10.3 pg/mL were prepared, and 50 

µL of each dilution was added to each standard well, followed by 50 µL of DNA/RNA 

Oxidative Damage AChE Tracer, and 50 µL of DNA/RNA Oxidative Damage ELISA 

Monoclonal Antibody. Sample wells were prepared by addition of 50 µL aliquots of the 

liver or skeletal muscle samples, followed by 50 µL of DNA/RNA Oxidative Damage 

AChE Tracer, and 50 µL of DNA/RNA Oxidative Damage ELISA Monoclonal 

Antibody. The microplate was then covered with a plastic film and incubated at 4°C for 

18 hours.  

After incubation, the wells in the microplate were emptied and rinsed five times 

with wash buffer. Then, 200 µL of Ellman’s Reagent was added to each well, and 5 µL of 

DNA/RNA Oxidative Damage AChE Tracer was also added to the total activity well. 

The plate was then covered with a plastic film, wrapped in aluminum foil, and incubated 

on an orbital shaker for 90 minutes. After development, the plate was then read on a 

MR5000 microplate reader (Dynatech Laboratories, Chantilly, VA, USA) at 412 nm. In 

accordance with the instructions provided by the manufacturer, the analysis of the data 

was carried out by plotting a standard curve based on the following equation:  

logit (
B

B0
) =  ln[

B

B0
/(1 −

B

B0
)]. 

The expression of oxidized guanine species in each sample was then determined 

based on the standard curve.  
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2.6 Antioxidant Capacity Kit 

In order to determine total antioxidant capacity, an antioxidant assay kit (Cayman 

Chemical, Ann Arbor, MI, USA; Catalogue #709001) was utilized to assess liver and 

skeletal muscle tissues. This assay measures the total combined capacity of known 

antioxidant constituents (such as vitamin, proteins, lipids, glutathione, uric acid, etc) by 

detecting the ability of antioxidant constituents to inhibit the oxidation of ABTS (2,2’-

Azino-di-3-ethylbenzothiazoline sulphonate) to ABTS
+
 by metmyoglobin. All buffers 

and reagents used during the assay were provided in the kit by the manufacturer. Total 

soluble protein extraction was performed as previously detailed in Chapter 2.2 with the 

exception of addition of SDS buffer after extraction. Protein concentrations of all samples 

were determined using the BioRad protein assay (BioRad Laboratories, Hercules, CA, 

USA; Catalogue # 5000006) at 595 nm on a MR5000 microplate reader (Dynatech 

Laboratories, Chantilly, VA, USA) and then sample protein concentrations were 

standardized to 1.9 µg via addition of 1x antioxidant assay buffer.  

In accordance with the manufacturer’s instructions, a standard curve for 

validation was prepared with dilutions of Trolox (0 mM, 0.045 mM, 0.090 mM, 0.135 

mM, 0.180mM, 0.225 mM, and 0.330 mM) and absorbance readings were measured on a 

MR5000 microplate reader (Dynatech Laboratories, Chantilly, VA, USA) at 405 nm. 

Additionally, a dilution curve was performed to determine the optimal protein 

concentration to use for the assay. A 10 µL volume of each sample was then added into 

the wells, followed by 10 µL of metmyoglobin, and 150 µL of chromogen. Then 40 µL 

of 441 µM hydrogen peroxide was added to each well to initiate the reaction. The 

microplate was covered and incubated for five minutes at room temperature on a shaker 
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and then read on a MR5000 microplate reader (Dynatech Laboratories, Chantilly, VA, 

USA) at 405nm. To analyze the results, absorbances of the standards were plotted as a 

function of the final Trolox concentration, and the antioxidant concentrations in samples 

were determined using the slope of the equation of the standard substituted into the 

following equation provided by the manufacturer:  

 

Antioxidant (mM) =  [
(sample absorbance) − (y − intercept)

slope
] × dilution 

 

2.7 Statistics 

For western blotting, statistical analysis was performed on the data obtained (n=3-4 

independent biological replicates) to assess differences in relative protein expression 

between the different experimental conditions. This was completed by performing a one-

way ANOVA with a Tukey post-hoc test; using RBioPlot, with p < 0.05 accepted as 

significant (Zhang and Storey, 2016). 

Total oxidized guanine species were determined from the standard curve 

developed based on the equation provided by the kit manufacturer. Statistical analysis 

assessed relative oxidized guanine species among the different treatment conditions in 

liver and skeletal muscle (n =3-4 independent biological replicates) using a one-way 

ANOVA with a Tukey post-hoc test (p < 0.05) using RBioPlot (Zhang and Storey, 2016).  

Relative total antioxidant capacity was determined using a standard curve in 

conjunction with the equation provided by the manufacturer in the antioxidant assay kit 
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(Cayman Chemical, Ann Arbor, MI, USA; Catalogue #709001) (see Antioxidant 

Capacity Kit). Statistical analysis compared relative total antioxidant capacity among the 

different conditions in liver and skeletal muscle tissue (n =3,4 independent biological 

replicates) through the use of a one-way ANOVA with a Tukey’s post-hoc test (p < 0.05) 

using RBioPlot (Zhang and Storey, 2016). 
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Chapter 3 

DNA Damage, Antioxidant Capacity, and 

DNA Repair through the Freeze-Thaw 

Cycle in R. sylvatica 
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3.1 Introduction 

Organisms that live in environments with harsh winters must develop 

overwintering strategies in order to survive. As discussed in Chapter 1, some animals 

can evade the winter through migration, or have developed endogenous freeze avoidance 

strategies that allow them to cool far below 0°C without freezing. By contrast, other 

animals have developed freeze tolerance strategies to endure subzero winter 

temperatures, and Rana sylvatica is a prime example of a freeze tolerant vertebrate. 

These frogs are able to endure extended periods of freezing in their winter hibernacula 

that varies from year to year based on environmental temperature, precluding them from 

having the ability to predict the length of their frozen state. Given the nature of their 

freeze tolerance strategy, R. sylvatica must also endure the component stresses associated 

with freezing: anoxia, cellular dehydration, and hyperglycemia while frozen. To aid 

survival of these stresses, R. sylvatica enters an extended state of metabolic rate 

depression (MRD) (Storey and Storey, 2004a; Storey and Storey, 2017), and because 

freezing halts blood circulation, the organs of the frog have to switch to anaerobic 

glycolysis for ATP production. As such, these frogs have incredible adaptations to be 

able to maintain physiological function and survive across freeze-thaw cycles.  

As mentioned in Chapter 1, nature of freeze-thaw cycles increases wood frog 

vulnerability to reactive oxygen species (ROS) and the oxidative stress and damage 

caused by ROS. Oxidative damage can take the form of protein oxidation, lipid oxidation, 

or DNA oxidation (Balaban et al., 2005), and can be extremely harmful if experienced at 

high levels, which can occur when there are rapid changes in oxygen availability such as 

when frogs thaw and resume breathing and blood circulation. However, enzymatic and 
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non-enzymatic antioxidant defences can prevent and minimize the negative consequences 

of oxidative damage (Hermes-Lima and Zenteno-Savı́n, 2002). Additionally, DNA repair 

mechanisms can be put in place to repair oxidative damage to DNA in order to preserve 

genomic integrity. Since R. sylvatica is able to fully recover and be restored to its normal 

physiological function after thawing, it is apparent that they must be able to avoid 

excessive oxidative damage to DNA over cycles of freezing and thawing. Therefore, 

exploring the antioxidant capacity and DNA damage repair mechanisms of wood frogs 

across the freeze-thaw cycle will provide insight how genomic integrity is maintained 

amid the threat of oxidative stress.  

Many studies of R. sylvatica have demonstrated tissue-specific responses by 

various metabolic pathways across the freeze-thaw cycle. These differences are attributed 

to the unique and varying roles that each organ plays in freezing survival. The liver is 

heavily involved in mediating cryoprotection since it is the main regulator of glucose 

metabolism. In the context of the freeze-thaw cycle in R. sylvatica, the liver is the site of 

glycogen storage prior to freezing, and converts glycogen to glucose through 

glycogenolysis and exports glucose to the rest of the body to be taken up as the main 

cryoprotectant during freezing. These frogs have been shown to elevate their glucose 

levels from 5 mM under normal conditions to over 300 mM during whole body freezing 

(Storey and Storey, 1984; Costanzo et al., 1993; Layne Jr. et al., 1996). The liver has also 

been shown to be an important site of synthesis for another osmolyte (urea) that can 

accumulate to help regulate cellular osmolality (Costanzo, 2005; Storey and Storey, 

2017) and retard water loss from tissues. For example, liver can lose up to 59% of its 

intracellular water during freezing (Lee et al., 1992). The liver has been shown to be the 
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last organ to freeze and the first organ to thaw, demonstrating the importance of this 

organ in cryoprotectant storage, synthesis and regulation. Furthermore, R. sylvatica in 

Alaska have been shown to store greater amounts of glycogen and regulate higher levels 

of glucose in comparison to those found in Ohio (Costanzo et al., 2015), showing the 

importance of liver to the winter adaptation of this species. Additionally, studies have 

also shown that glucose production can be greatly increased through multiple freeze-thaw 

cycles (Larson and Barnes, 2016). This demonstrates the importance of liver in regulating 

the cryoprotectants during freezing but also in adapting the freezing response based on 

environmental conditions.  

During freezing, skeletal muscle is unable to contract and is completely inactive 

since extracellular ice causes physical obstruction but, nonetheless, muscle is able to fully 

restore its function and display normal contractions within 24 h of thawing (Storey and 

Storey, 1984; Layne, 1992). The formation of extracellular ice causes 22-36% loss of 

tissue water content during freezing (Lee et al., 1992). Therefore the transportation of 

glucose from the liver and its uptake by muscle (and other tissues) is vital to help 

minimize intracellular water loss (Costanzo et al., 1993). Glycogen levels remain 

stagnant in skeletal muscle of R. sylvatica as a result of the dormant state during freezing, 

prompting anaerobic glycolysis to be fuelled by alternative sources such as creatine 

phosphate (Storey and Storey, 1984; Hemmings and Storey, 2001). These metabolic 

differences allow the skeletal muscle to be an interesting comparative tissue to study in 

conjunction to liver. Additionally, studies have shown an increased response by 

antioxidant enzymes during freezing in the skeletal muscle of R. sylvatica (Joanisse and 

Storey, 1996). Prominent antioxidant enzymes have also been shown to have specific 
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regulation during freezing. For example, catalase, has been shown to be regulated 

through reversible phosphorylation across the freeze-thaw cycle (Dawson and Storey, 

2016). With these tissue specific differences seen across the freeze-thaw cycle in R. 

sylvatica, exploring further pathways such as total antioxidant capacity and DNA repair 

mechanisms in the liver and skeletal muscle in a comparative manner will allow a 

broadened understanding of the physiological effects of freezing.  

This study will aim to determine how genomic stability is maintained through 

freezing in R. sylvatica by analyzing levels of DNA oxidation, total antioxidant capacity 

response, and the proposed role of DNA damage repair pathways during freeze/thaw in 

wood frog liver and skeletal muscle.  

 

3.2 Materials and Methods 

All methods were performed as described in Chapter 2; including animal 

freezing and thawing experiments, tissue sampling, protein and DNA extraction, western 

blotting, DNA damage ELISA kit, antioxidant capacity kit, and data handling and 

statistics. Refer to Appendix A for the full list of antibodies used in western blotting, 

supplier and catalogue numbers, and Appendix B for a detailed list of western blotting 

conditions.  
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3.3 Results 

3.3.1 Effects of freezing and thawing on the relative oxidized guanine species in liver and 

skeletal muscle of wood frogs. 

The relative expression of oxidized guanine species was measured in liver and 

skeletal muscle samples using a Cayman Chemical DNA/RNA Oxidative Damage 

ELISA kit as described in Chapter 2.5. Data comparing 5°C-acclimated controls, 24 h 

frozen (at –2.5 °C) frogs, and 8 h thawed frogs are shown in Figure 3.1. In the liver, 

there was no significant change in the relative expression of oxidized guanine species 

after 24 h freezing (mean values were 1.13 ± 0.11) or after 8 h thawing (1.15 ± 0.01), as 

compared with the controls (1.00 ± 0.02). Similarly, in skeletal muscle, there was no 

significant change in the relative expression of oxidized guanine species after 24 h 

freezing (1.07 ± 0.02) or after 8 h thawing (1.03 ± 0.05) in comparison to controls (1.00 ± 

0.07). 

 

3.3.2 Effects of freezing and thawing on the relative total antioxidant capacity in liver 

and skeletal muscle of wood frogs  

Total antioxidant capacity was measured in liver and skeletal muscle samples 

across the freeze-thaw cycle (Figure 3.2) using a Cayman Chemical Antioxidant Assay 

Kit as described in Chapter 2.6. In the liver, there was a significant decrease in relative 

total antioxidant capacity after 8 h thawing (0.91 ± 0.05) in comparison to 24 h freezing 

(1.13 ± 0.01). However, there was no difference in relative total antioxidant capacity in 

either of these two treatment groups in comparison to the controls (1.00 ± 0.01). In the 



40 

 

skeletal muscle, there was no significant change in relative total antioxidant capacity after 

24 h of freezing (0.89 ± 0.08) or after 8 h of thawing (0.94 ± 0.13) in comparison to 

controls (1.00 ± 0.22).  

 

3.3.3 Analysis of Double-Stranded Break (DSB) DNA repair protein expression in liver 

and skeletal muscle of wood frogs over the freeze-thaw cycle. 

The relative protein expression of eight DSB DNA repair protein markers (Mre11, 

Rad50, Phospho-p95, XLF, Rad51, Ku70, DNA Ligase IV, XRCC4) in wood frog liver 

were assessed over the freeze-thaw cycle using western blotting (Figure 3.3), as 

described in Chapter 2.3. Preliminary trials confirmed that the antibodies for each 

protein (Appendix A) cross-reacted with a single band or double band (Mre11, due to 

isoforms) at the expected subunit molecular weight of the protein. Figure 3.3A shows the 

relative protein expression levels in liver from control, frozen, and thawed frogs, and 

Figure 3.3B shows the corresponding western blot images. Mre11, Rad50, Phospho-p95, 

XLF, DNA Ligase IV, XRCC4, and Rad51 showed no significant changes in protein 

expression after 24 h freezing or 8 h thawing in comparison to the controls. However, 

Ku70 showed a significant decrease in relative protein expression after 24 h freezing 

(0.12 ± 0.04) in comparison to the controls (1.00 ± 0.09). Ku70 expression increased 

again after 8 h thawing (0.54 ± 0.24) but had not returned to the control levels and was 

not significantly different from either controls or 24 h frozen treatment groups.  

The relative protein expression of the eight DSB DNA repair markers was also 

assessed in skeletal muscle over the freeze-thaw cycle. As for liver, the antibodies used 
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(Appendix A) cross reacted with a single band at the expected subunit molecular weight 

of each protein. Figure 3.4 shows the responses of these DSB DNA repair markers to 

freezing and thawing; Figure 3.4A shows the relative protein expression levels in 

skeletal muscle from control, frozen, and thawed frogs with corresponding western blot 

images shown in Figure 3.4B. Rad50, Phospho-p95, XLF, DNA Ligase IV, and XRCC4 

showed no significant changes in protein expression after 24 h freezing or 8 h thawing in 

comparison to the controls. Mre11 showed a strong significant increase in expression 

after 8 h of thawing (2.25 ± 0.36) in comparison to the controls (1.00 ± 0.12). However, 

there was no significant change in expression of Mre11 after 24 hours of freezing (1.24 ± 

0.24) in comparison to the control. Rad51 showed a significant decrease in protein 

expression after 24 h freezing (0.35 ± 0.02) in comparison to controls (1.00 ± 0.18). 

Rad51 expression had increased after 8 h thawing (0.76 ± 0.16) but had not fully regained 

control values and was not significantly different in comparison to either controls or 24 h 

frozen treatment groups.  

 

3.4 Discussion 

The study of natural freeze tolerant animal models, such as R. sylvatica, can 

broaden insight into many aspects of medical research. One prime example is the 

potential application of information gathered from freeze tolerant models to organ 

preservation and to extend organ viability prior to organ transplantation. Additionally, 

since R. sylvatica uses glucose as a cryoprotectant and becomes hyperglycemic while 

freezing (Costanzo et al., 1993), these studies have additional parallels into diabetes 

research.  As previously mentioned, R. sylvatica enters an extended period of metabolic 
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rate depression when undergoing freezing, causing a global suppression of non-essential 

pathways through tight transcriptional and translational regulation in order to conserve 

energy (Storey and Storey, 2004a; Storey, 2015). Although reactive oxygen species 

(ROS) are produced as a result of normal aerobic respiration, organisms that endure 

extended periods of stress and MRD are at a higher risk of having to deal with rapidly 

increased levels of ROS when they transition out of a hypometabolic state. For example, 

when freezing occurs in the organism, the oxygen depletion signifies that the cell has a 

reduced capacity for oxidizing hydrogen ions, which leaves the electron transport chain 

in a reduced state (Joanisse and Storey, 1996). As such, this leaves the organism 

particularly vulnerable to ROS production during freezing. An increasing level of ROS 

can threaten the organism as proteins, lipids, and DNA can be subjected to damage 

through oxidization (Cooke et al., 2003; Balaban et al., 2005). However, pathways and 

defences that are crucial for survival and can help to negate the consequences of ROS 

formation, such as enzymatic antioxidant defences, are maintained and upregulated 

during freezing (Dawson and Storey, 2016; Dawson and Storey, 2017). The potential 

interference from ROS during freezing also signifies that the organisms’ DNA is at risk 

for damage. Although the role of certain enzymatic antioxidant defences have been 

explored in the context of freezing in R. sylvatica, the role of DNA repair mechanisms in 

the context of freezing has not been characterized.  

During the onset of freezing, different organs can display varying tissue-specific 

responses in certain pathways. These differences in tissue response can be largely 

attributed to the roles that each organ has in maintaining cellular viability. The liver has a 

critical role in metabolism, particularly for glucose regulation. Since R. sylvatica elevates 
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glucose levels to use as its main cryoprotectant during freezing, the liver has an 

indispensable role in winter survival as it stores huge reserves of glycogen and regulates 

glucose production and distribution in order to preserve all organs (Storey and Storey, 

1986; Costanzo et al., 1993). Additionally, when R. sylvatica begins to thaw, they begin 

to restore activity to all organs, and the liver must also clear excess glucose in order for 

normal metabolic activity to be restored and maintained (Layne et al., 1996). 

Contrastingly, skeletal muscle has been shown to have its own small internal storage of 

glycogen and glucose regulation during freezing (Hemmings and Storey, 2001). Skeletal 

muscle is also restricted from contractions due to its interaction with environmental ice, 

and by the ischemic state that develops upon freezing (Irwin et al., 2003). Due to the 

differences between the liver and skeletal muscle, the observation of antioxidant capacity 

and DNA damage repair in these two tissues will provide contrast to further understand 

of these mechanisms during freezing.  

As previously mentioned, R. sylvatica is vulnerable to ROS damage during 

freezing. Genomic integrity can be threatened as higher levels of ROS can potentially 

cause oxidative damage. It has been well established that out of all the base pairs, 

guanine is the most susceptible to oxidative damage and is therefore a prominent marker 

of DNA oxidative damage, as it is most commonly oxidized into 8-hydroxy-2’-

deoxyguanosine (8-oxo-dG) (Burrows and Muller, 1998). The relative expression of 

oxidized guanine species including 8-oxo-dG and 8-hydroxyguanine (8-oxo-Gua) was 

measured using a DNA damage ELISA kit to determine if DNA damage occurred in R. 

sylvatica over the freeze-thaw cycle. As seen in Figure 3.1, the relative expression of 

oxidized guanine species was measured in the liver and muscle over freeze-thaw.  
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However, there was no evidence of increased oxidation of guanine during freeze-thaw 

cycle in either tissue since the relative expression of oxidized guanine species did not 

change significantly between control, 24 hour frozen, or 8 hour thaw treatment groups. 

This result suggests that freezing did not elevate the oxidation of guanine species, and 

that the organism is potentially capable of mitigating the oxidative damage through 

antioxidant defences or through DNA repair mechanisms. However, only the relative 

expression of oxidized guanine species were measured in this study, and the potential 

oxidation of other base pairs might occur. Therefore, it cannot be fully concluded that all 

forms of DNA oxidation remained constant through the freeze-thaw cycle in liver and 

muscle, and further investigation might be required.  

There are many enzymatic and non-enzymatic components of the antioxidant 

response system that defend against the oxidation of lipids, proteins, and DNA which 

makes it a very complex system. Multiple enzymes play a critical roles in antioxidant 

defence including superoxide dismutase (SOD), catalase, and glutathione-dependant 

enzymes (such as GR, GPx, and GSTs) (Marrocco et al., 2017). Additionally, there are 

numerous endogenous non-enzymatic molecules (such as uric acid, ascorbic acid, vitamin 

E, etc.) that act as antioxidants both directly or indirectly by stimulating the activity of 

endogenous enzymatic antioxidants (Wahlqvist, 2013; Marrocco et al., 2017). Therefore, 

to get an overview of the combined total antioxidant capacity of non-enzymatic 

antioxidant components, a Cayman antioxidant assay kit that was utilized to measure the 

summed antioxidant capacity of glutathione, ascorbic acid, vitamin E, Trolox, bilirubin, 

uric acid, and albumin. As seen in Figure 3.2, there was no significant change in the 

relative total antioxidant capacity in the skeletal muscle of R. sylvatica through the 
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freeze/thaw cycle. This result implies that the antioxidant response in skeletal muscle is 

kept constant in order to maintain tissue viability through stress and recovery. This 

constancy could also imply that the muscle tissue is exposed to relatively consistent ROS 

levels and does not need to increase its antioxidant defence during freeze/thaw stress by 

depleting its antioxidant resources. Interesting, in R. sylvatica liver, there were no 

changes in relative total antioxidant capacity between the control and 24 hour frozen 

treatment groups, but there was a decreased total antioxidant response in the 8 hour thaw 

group (Figure 3.2). This decreased total antioxidant capacity implies that the liver could 

be exposed to enhanced ROS levels that depleted antioxidant resources. Since the liver 

plays such a significant role in the freezing response of the frog by regulating glucose 

levels, it could be more prone to oxidative species upon reperfusion and require an 

increased antioxidant response.  

When encountering elevated ROS production, organisms can respond with 

enhanced antioxidant defences that directly detoxify ROS or alternately by upregulating 

repair mechanisms to fix macromolecules that are damaged by ROS. DNA repair 

mechanisms are particularly important. As mentioned in Chapter 1.7, there are different 

types of DNA damage and varying DNA damage repair mechanisms associated with 

specific types of breaks and damage to DNA (Fleck and Nielsen, 2004). ROS can cause 

damage by breaking both strands of the DNA which blocks replication, leading to 

potentially lethal consequences depending on the location of the break. Non-homologous 

end joining (NHEJ) and homologous recombination (HR) are the two most frequently 

used mechanisms of DSB repair (Ceccaldi et al., 2016), and are discussed in more depth 

in Chapter 1.7. Due to an increased threat of enhanced ROS generation during freezing, 
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the effects of freeze/thaw on DNA DSB repair mechanisms is a pertinent pathway area to 

explore to further knowledge of the effects of long term stress and how DNA repair 

mechanisms function through stress and recovery. As previously discussed, the liver and 

skeletal muscle are particularly relevant tissues to assess due to their roles and known 

responses during the freeze-thaw cycle.  

As seen in Figure 3.3, many of the observed protein targets involved in DNA 

DSB repair did not show any significant changes across the freeze-thaw cycle. Mre11, 

Rad50, and Phospho-p95 are three targets that did not demonstrate any significant change 

in relative expression across the freeze-thaw cycle in comparison to the controls. These 

three targets form what is known as the MRN complex, which binds to DNA to mark the 

site of DSB and can act as a tether to stabilize both ends of the break prior to NHEJ, or 

initiate resection prior to HR, which demonstrates the importance of this complex in 

DNA DSB repair (Williams et al., 2007). Although they do have individualized roles, the 

similarity in expression of these three proteins forming the MRN complex suggests that 

they are performing their normal function and activity through the freeze-thaw cycle. 

Sequencing in many other organisms has shown the possibility of isoforms of Mre11, 

validating the two tight bands seen at the expected molecular weight of this protein in 

wood frog tissues (Figure 3.3B). The western blot of liver Rad50 showed a clear 

expression of one single band around 100-110kDa (Figure 3.3B), which was 40kDa 

lower than the expected molecular weight of the protein. Protein sequencing of the 

African clawed frog (Xenopus laevis) showed there to be an additional homolog of Rad50 

around 90kDa, signifying that the observed protein band in this study could be a 
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homolog. Further analysis of this protein or the MRN complex could be completed to 

validate the protein expression of Rad50.  

XLF, DNA Ligase IV, and XRCC4 are the three main proteins that work in 

tandem to ligate DNA in NHEJ (Ahnesorg et al., 2006), and did not display any 

significant change across the freeze-thaw cycle in comparison to controls (Figure 3.3). 

This result again suggests that ligation through the NHEJ pathway is conserved through 

the freeze-thaw cycle in the liver. Ku70 is part of the Ku heterodimer (with Ku80) that 

acts as a scaffold for other proteins in NHEJ and additionally is involved in telomere 

length regulation and transcriptional silencing through telomere positioning silencing 

effect (TPE) (Fell and Schild-Poulter, 2015). Results from this study show decreased 

expression of Ku70 through 24 h freezing, and an increase after 8 h of thawing which did 

not completely return to control levels (Figure 3.3). Although this pattern of expression 

does not seem in line with the results of the aforementioned proteins involved in ligation 

in NHEJ, the additional role of Ku70 in telomere length regulation and in transcription 

and replication through the TPE were shown to be independent from NHEJ (Fell and 

Schild-Poulter, 2015), and might be supressed during freezing to conserve energy. This is 

in line with the literature that has shown evidence of cell cycle suppression during 

freezing in R. sylvatica as a method to conserve energy during MRD (Zhang and Storey, 

2012a).  

The majority of the aforementioned protein targets act as initial markers of DSB 

prior to DNA repair, or are involved in the NHEJ pathway of DNA repair. To gain a 

better understanding of DSB repair, the expression of Rad51 was evaluated as a 

preliminary study of the regulation of HR across the freeze-thaw cycle in the liver. Rad51 
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is an important protein in HR as it is involved in searching for homologous sections and 

in pairing the strands (Godin et al., 2016). As seen in Figure 3.3, there was a slight 

decrease in expression after 24 h of freezing, with expression recovering to control levels 

after 8 h thaw, but this difference was not statistically significant. Therefore, the results 

show that Rad51 is still relatively active through the freeze thaw cycle, suggesting that 

HR is used through the freeze-thaw cycle. A more comprehensive analysis of additional 

proteins involved in HR should be completed to better understand the HR pathway and 

activity through the freeze-thaw cycle in the liver.  

DNA DSB repair proteins were also assessed in skeletal muscle using western 

blotting to provide a tissue comparison of the DSB repair pathway across the freeze-thaw 

cycle. The results seen in Figure 3.4 show slight increases in Rad50 and Phospho-p95 

expression in the 24 h frozen and 8 h thaw group, compared to the controls, but these 

were not significant. However, Mre11 displayed an increase after 8 h of thawing that was 

significantly different from the controls, but not significantly different from the 24 h 

frozen group (Figure 3.4). As previously mentioned, these three proteins form the MRN 

complex and work together to localize DSB prior to NHEJ or HR. The significant 

upregulation in Mre11 relative expression in the 8 h thaw group is possibly due to an 

alternative DSB repair pathway known as micro-homology mediated end joining 

(MMEJ) being active during thawing. Studies have shown that Mre11 nuclease activity is 

required in MMEJ for short end resection of DNA (Truong et al., 2013). Further study of 

the MMEJ pathway in R. sylvatica will be required for validation of MMEJ activity 

across the freeze-thaw cycle. The difference seen in the relative expression of Mre11 in 

skeletal muscle as compared to the liver during thawing shows evidence of a tissue 
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specific response by the MRN complex in R. sylvatica across the freeze-thaw cycle, and 

can be further explored.  

As seen in Figure 3.4, the three proteins involved in DNA ligation (XLF, DNA 

Ligase IV, and XRCC4) did not display any significant changes across the freeze-thaw 

cycle in the skeletal muscle. This result is similar to that for liver (Figure 3.3), suggesting 

that ligation through the NHEJ pathway is relatively conserved in both tissues across the 

freeze-thaw cycle. Surprisingly, the relative expression of Ku70 showed a significant 

decrease in the 8 h thaw condition (Figure 3.4), which is opposite to the expression 

pattern seen in liver, which showed a significant decrease in the 24 h frozen condition 

(Figure 3.3). As previously mentioned, Ku70 is part of the Ku heterodimer and is an 

integral part of NHEJ but is also involved in telomere regulation. However, studies have 

shown that proteins of the MRN complex (particularly Mre11 and p-95) are also involved 

in telomere regulation (Rai et al., 2017; Oh and Symington, 2018). Therefore, it is 

possible that Ku70 activity is conserved through freezing, but is then downregulated 

during thawing in an attempt to avoid redundancy in the role of maintaining telomeres, as 

Mre11 is upregulated in the tissue during thawing. Additional study of the Ku 

heterodimer and telomere regulation is needed to provide more insight into its regulation 

across the freeze-thaw cycle in R. sylvatica.  

As with the liver, the relative expression of Rad51 was observed to provide an 

initial look into the HR pathway of DNA DSB repair in skeletal muscle across the freeze-

thaw cycle. As seen in Figure 3.4, there was a significant decrease in Rad51 relative 

expression after 24 h of freezing, with relative expression increasing after 8 h of thawing 

but did not fully return to control levels. Although HR does provide a more reliable repair 
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in comparison to NHEJ, it can only occur during the G2 and S phase of the cell cycle 

when there is a sister chromatid to act as a guideline for repair (Jasin and Rothstein, 

2013; Her and Bunting, 2018). As previously mentioned, studies have shown that there is 

cell cycle suppression over the freeze-thaw cycle in R. sylvatica (Zhang and Storey, 

2012). Since HR activity is cell cycle dependent, the suppression of Rad51 activity seen 

in the skeletal muscle through the freeze-thaw cycle could be attributed to cell cycle 

suppression. Cells that are not in the correct phase of the cell cycle prior to suppression 

will not be able to use the HR pathway to repair DNA DSB. Additionally, since the 

skeletal muscle is mostly post-mitotic and largely only regenerates to replace any 

damaged tissue, its cell cycle regulation vastly differs from other tissues that show 

continual cell cycle activation (Grounds, 1991). This major difference could account for 

the tissue specific difference in regulation in comparison to the liver through the freeze-

thaw cycle in regards to Rad51 activity. Additional study of the HR pathway will be 

required to further validate this finding and to provide more information of the HR 

pathway in skeletal muscle across the freeze-thaw cycle.  

In summary, this study provided insight into DNA damage, antioxidant capacity 

and DNA DSB repair mechanisms in the liver and skeletal muscle of R. sylvatica across 

the freeze-thaw cycle. The results of this study suggest that there is no increase in DNA 

oxidized species over freezing and thawing, but that the prevention of increased 

oxidization of DNA could be due to antioxidant and DNA DSB repair mechanisms. 

Antioxidant capacity through the freeze-thaw cycle is relatively constant in both the liver 

and skeletal muscle, with the exception of a decrease seen in the liver during thawing, 

suggesting a tissue specific response in the use of exogenous and endogenous antioxidant 
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mechanisms when the organism is particularly vulnerable to ROS. Additionally, the 

relative expression of DNA DSB repair proteins observed in this study demonstrate an 

overall constant expression of many proteins, suggesting a conservation of many DSB 

repair proteins through the freeze-thaw cycle to address any potential threat of DSB. The 

results do show some tissue-specific and pathway-specific differences between the liver 

and skeletal muscle that could be attributed to the regulation of the cell cycle through 

freezing and thawing. Additional studies will be required to explicate the antioxidant 

response and DNA DSB repair mechanisms in R. sylvatica that support freezing survival.  
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Figure 3.1: DNA damage quantification in R. sylvatica liver and skeletal muscle through 

a freeze-thaw cycle. Relative oxidized guanine species in control, 24 hour frozen, and 8 

hour thaw conditions. Data are means ± SEM, n = 3 - 4 independent trials. One-way 

ANOVA and a Tukey’s post-hoc test (p < 0.05) was used for analysis; for each tissue, 

values that share the same letter are not significantly different from each other.  
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Figure 3.2: Total antioxidant capacity in R. sylvatica liver and skeletal muscle through a 

freeze-thaw cycle. Total relative antioxidant capacity in control, 24 hour frozen, and 8 

hour thaw conditions. Data are means ± SEM, n = 3 - 4 independent trials. One-way 

ANOVA and a Tukey’s post-hoc test (p < 0.05) was used for analysis; values that share 

the same letter are not significantly different from each other. 
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Figure 3.3: Western blot quantification of DSB repair protein expression in R. sylvatica 

liver through a freeze-thaw cycle. A) Relative protein expression of protein targets in 

control, 24 hour frozen, and 8 hour thaw conditions. Data are means ± SEM, n = 3 - 4 

independent trials. One-way ANOVA and a Tukey’s post-hoc test (p < 0.05) was used for 

analysis; values that share the same letter are not significantly different from each other. 

B) Western blot of DSB repair protein targets in the corresponding experimental 

conditions.  
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Figure 3.4: Western blot quantification of DSB repair protein expression in R. sylvatica 

skeletal muscle through a freeze-thaw cycle. A) Relative protein expression of protein 

targets in control, 24 hour frozen, and 8 hour thaw conditions. Data are means ± SEM, n 

= 3 - 4 independent trials. One-way ANOVA and a Tukey’s post-hoc test (p < 0.05) was 

used for analysis; values that share the same letter are not significantly different from 

each other. B) Western blot of DSB repair protein targets in the corresponding 

experimental conditions.  
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Chapter 4 

DNA Damage, Antioxidant Capacity, and 

DNA Repair through the Anoxia-

Reoxygenation Cycle in R. sylvatica 
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 4.1 Introduction 

Oxygen is necessary to sustain life for most organisms, as it is imperative to 

maximize ATP production from metabolic fuels. However, certain animals such as the 

naked mole rat (Heterocephalus glaber) and red-eared slider turtle (Trachemys scripta 

elegans) are known have unique adaptive responses to their environments that allow them 

to endure extended periods in hypoxia (low oxygen) or anoxia (oxygen depleted) (Fago 

and Jensen, 2015; Pamenter et al., 2019). This ability to adapt to hypoxic or anoxic 

conditions is partly due to entry into a state of hypometabolism that minimizes ATP use 

as well as to a well-developed capacity to produce ATP from anaerobic glycolysis and 

buffer the acidosis that is typically associated with lactate production  (Jackson and 

Ultsch, 2010; Storey, 2015). As previously discussed in Chapter 1, wood frogs endure 

the subzero temperatures of winter with their capacity for freeze tolerance, one 

component of which is the ability to endure the anoxia that develops due to the cessation 

of vital functions while frozen (Storey and Storey, 1992). This is validated by the 

observed accumulation of lactate and L-alanine (end products of anaerobic glycolysis) 

and the depletion of ATP and other adenylates that occurs during freezing (Storey and 

Storey, 1986; Storey and Storey, 2017). As such, wood frogs must have developed 

adaptations to cope with anoxia and the fluctuations in oxygen availability during the 

anoxia-recovery cycle to conserve physiological function and cellular viability.  

Rapid changes in oxygen availability through an anoxia-reoxygenation cycle, 

especially during reperfusion, greatly increases the wood frog’s susceptibility to 

oxidative damage from reactive oxygen species (ROS). In order to counteract the 

possible consequences of ROS, selected antioxidant enzymes are upregulated during 
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freezing (probably to deal with freeze-induced anoxia), presumably as a pre-emptive 

response to prepare for oxidative stress/damage during the recovery and reperfusion 

phase (Joanisse and Storey, 1996; Hermes-Lima and Zenteno-Savín, 2002). Freeze 

tolerant wood frogs also show constitutively higher activities of antioxidant enzymes 

compared with leopard frogs that overwinter under water (Joanisse and Storey, 1996). 

However, if antioxidant defences are overwhelmed, there are DNA repair mechanisms in 

place to repair damage to DNA from oxidation and conserve genomic integrity. Wood 

frogs are able to fully recover and restore their normal physiological function after 

thawing or recovery from anoxia, showing that they must be able to avoid excessive 

oxidative damage to DNA when exposed to major changes in oxygen availability. 

Therefore, exploring the antioxidant capacity and DNA damage repair mechanisms of 

wood frogs across the anoxia-recovery cycle will provide insight into how genomic 

integrity is maintained amid the threat of oxidative stress.  

As mentioned in Chapter 3.1, many studies have shown tissue specific responses 

during stress and recovery in R. sylvatica. These are mainly attributed to the unique roles 

played by each tissue, particularly in terms of glucose regulation and metabolism (Storey 

and Storey, 2017). As previously discussed, the liver is a crucial organ in terms of stress 

adaptation for wood frogs as it is the site of glycogen storage prior to winter, and the site 

of glycogenolysis for glucose production and delivery to other tissues as the 

cryoprotectant (Storey and Storey, 1984; Layne Jr. et al., 1996). Being the last organ to 

freeze and the first to thaw, the liver has an important role in recovery as it must mediate 

clearing excess amounts of glucose upon reperfusion. Additionally, liver may be one of 

the first organs to encounter rapid changes in oxygen levels upon reperfusion, and must 
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therefore be able to have sufficient defence mechanisms in place to counteract potential 

ROS formation (Rubinsky et al., 1994; Joanisse and Storey, 1996). As seen in Chapter 

3.1, skeletal muscle is dependent on cellular metabolism for the energy to contract, and 

therefore the uptake of glucose delivered from the liver during freezing is important to 

protect muscle cells while skeletal muscle is frozen. Furthermore, the dependence on 

anaerobic glycolysis during metabolic rate depression has to be tightly regulated since 

glucose levels are shown to be consistent during freezing (Costanzo et al., 1993; 

Hemmings and Storey, 2001). Animals that routinely endure anoxia exposures and 

undergo anaerobic glycolysis have to be able to minimize acidosis associated with lactate 

production (Mayer and Vaupel, 2013). Studies have shown that during anoxia exposure, 

the turtle Trachemys scripta elegans, shows posttranslational modifications (PTMs) of 

LDH (Xiong and Storey, 2012). Additionally, it has been shown that LDH is post-

translationally modified during dehydration in R. sylvatica (Abboud and Storey, 2013). 

Although it has not yet been studied in the context of anoxia, the changes seen in LDH 

demonstrate the importance of its regulation during MRD when the organism relies on 

anaerobic glycolysis.  

As previously discussed in Chapter 1, freezing in R. sylvatica is a multi-faceted 

stress, since wood frogs experience anoxia, dehydration, and hyperglycemia as a 

byproduct of freezing. Although there are many similarities, since each stress is 

associated with MRD and anaerobic glycolysis, the unique limitations with the onset of 

each stress require specific adaptations to promote survival (Storey and Storey, 2017). 

Studies of wood frogs have demonstrated that many metabolic pathways display stress-

specific responses. For example, it has been shown recently that there are stress-specific 
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responses in the regulation and PTMs of enzymes involved in glycolysis and the urea 

cycle in the wood frog in response to freezing, anoxia, and dehydration stresses; these 

cause stress specific changes in metabolism (Hawkins et al., 2019). Additionally, it has 

been shown that markers of antioxidant defence (catalase and superoxide dismutase 1) 

and heat shock proteins display differential stress specific responses across freezing, 

anoxia, and dehydration in R. sylvatica (Wu et al., 2018). In Chapter 3, the levels of 

DNA oxidation, total antioxidant capacity, and DNA damage repair markers were 

analyzed in the liver and skeletal muscle across the freeze-thaw cycle. Anoxia is 

particularly threatening as rapid fluctuation in oxygen levels can increase ROS and 

oxidative stress. Therefore, analyzing these same pathways across the anoxia-

reoxygenation cycle and comparing them to the effects of the freeze-thaw cycle will 

allow for determination of any stress-specific regulation of these processes and 

potentially delineate the origin of DNA damage and antioxidant responses.   

The studies described in this chapter aim to determine how genomic stability is 

maintained during anoxia exposure in R. sylvatica by analyzing levels of DNA oxidation, 

total antioxidant capacity response, and the proposed role of DNA damage repair 

pathways during anoxia and recovery in wood frog liver and skeletal muscle.  

 

4.2 Materials and Methods 

All methods were performed as described in Chapter 2; including animal anoxia 

exposure and recovery experiments, tissue sampling, protein and DNA extraction, 

western blotting, DNA damage ELISA kit, antioxidant capacity kit, and data handling 
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and statistics. Refer to Appendix A for the full list of antibodies used in western blotting, 

supplier and catalogue numbers, and Appendix B for a detailed list of western blotting 

conditions.  

 

4.3 Results 

4.3.1 Effects of anoxia and recovery on the relative oxidized guanine species in liver and 

skeletal muscle of wood frogs. 

The relative expression of oxidized guanine species was measured in liver and 

skeletal muscle samples across the anoxia-recovery cycle using a Cayman Chemical 

DNA/RNA Oxidative Damage ELISA kit as described in Chapter 2.5. Data comparing 

control frogs, 24 hour anoxic frogs, and 4 hour aerobic recovery frogs are shown in 

Figure 4.1. In the liver, there was a significant increase in the relative expression of 

oxidized guanine species after 4 h recovery (1.18 ± 0.03) in comparison to 24 h of anoxia 

(0.98 ± 0.06). However, these two treatment groups did not show any significant changes 

in comparison to controls (1.00 ± 0.02). In the skeletal muscle, there was no significant 

change in the relative expression of oxidized guanine species after 24 h anoxia (1.08 ± 

0.07) or after 4 h recovery (0.90 ± 0.02) in comparison to controls (1.00 ± 0.07).  
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4.3.2 Effects of anoxia and recovery on the relative total antioxidant capacity in liver and 

skeletal muscle of wood frogs  

Total antioxidant capacity was measured in the liver and skeletal muscle across 

the anoxia-recovery cycle (Figure 4.2) using a Cayman Chemical Antioxidant Assay Kit 

as described in Chapter 2.6. In the liver, there was a significant increase in antioxidant 

capacity after 4 hours of recovery (1.33 ± 0.11) in comparison to 24 hours of anoxia (0.79 

± 0.08). However, there was no difference in the total antioxidant capacity of these two 

treatment groups in comparison to controls (1.00 ± 0.01). In skeletal muscle, there was a 

significant change in total antioxidant capacity after 24 hours of anoxia (1.65 ± 0.12) and 

after 4 hours of recovery (1.81 ± 0.13) in comparison to controls (1.00 ± 0.22). However, 

there was no significant change in antioxidant capacity between 24 hours of anoxia and 4 

hours of recovery.  

 

4.3.3 Analysis of Double-Stranded Break (DSB) DNA repair protein expression in liver 

and skeletal muscle of wood frogs over the anoxia-recovery cycle 

The relative protein expression of eight DSB DNA repair protein markers (Mre11, 

Rad50, Phospho-p95, XLF, Rad51, Ku70, DNA Ligase IV, XRCC4) in wood frog liver 

was assessed over the anoxia-recovery cycle using western blotting (Figure 4.3), as 

previously described in Chapter 2.3. As seen in Chapter 3.3, the antibodies used 

(Appendix A) cross reacted with a single or double band (Mre11, due to isoforms) at the 

expected subunit molecular weight of each protein. Figure 4.3A shows the relative 

protein expression levels in liver from control, anoxic, and recovered frogs, and Figure 



63 

 

4.3B shows the corresponding western blot images. Rad50, Phospho-p95, XLF, and 

Rad51 did not show any significant difference in relative protein expression after 24 h of 

anoxia or 4 h recovery in comparison to the controls. By contrast, Mre11 demonstrated a 

significant increase in relative protein expression after 24 h anoxia (2.71 ± 0.10) and 4 h 

recovery (2.38 ± 0.40) in comparison to controls (1.00 ± 0.06). However, there was no 

significant difference between 24 h anoxia and 4 h recovery. DNA Ligase IV showed a 

significant increase in relative protein expression after 24 h of anoxia (2.25 ± 0.21) that 

was sustained after 4 h aerobic recovery (2.57 ± 0.48) in comparison to controls (1.00 ± 

0.06). XRCC4 demonstrated a significant decrease in relative protein expression after 24 

h anoxia (0.07 ± 0.01) in comparison to controls (1.00 ± 0.35). However, XRCC4 content 

had rebounded somewhat after 4 h recovery (0.23 ± 0.17) but had not fully reached 

control values and was not significantly different from either the control or 24 h anoxia 

situation. Ku 70 did not show any significant difference between control (1.00 ± 0.11) 

and 24 h anoxia (0.72 ± 0.08) conditions, but did show a significant increase in relative 

protein expression after 4 h of recovery (2.24 ± 0.23).  

The relative protein expression of the same eight DSB DNA markers was also 

assessed in skeletal muscle across the anoxia-recovery cycle. As seen in Chapter 3.3, the 

antibodies used (Appendix A) cross reacted with a single band at the expected subunit 

molecular weight of each protein. Figure 4.4 shows the relative protein expression of 

these DSB DNA repair proteins in response to anoxia and recovery. Figure 4.4A shows 

the relative protein expression levels in liver from control, anoxic, and recovered frogs, 

and Figure 4.4B shows the corresponding western blot images. Mre11, Rad50, Phospho-

p95, DNA Ligase IV, and XRCC4 showed no significant difference in relative protein 
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expression after 24 h anoxia and 4 h recovery. XLF demonstrated a significant decrease 

in protein expression after 24 h anoxia (0.23 ± 0.06) in comparison to controls (1.00 ± 

0.27) and remained at that low relative expression after 4 h recovery (0.18 ± 0.04). Ku70 

showed a significant decrease in protein expression after 24 h of anoxia (0.64 ± 0.03) in 

comparison to the controls (1.00 ± 0.03), and remained at a lower expression level after 4 

h recovery (0.47 ± 0.08). Similarly, Rad51 also showed a significant decrease after 24 h 

of anoxia (0.29 ± 0.06) in comparison to the controls (1.00 ± 0.25) and remained at a low 

relative expression level after 4 h recovery (0.14 ± 0.04).  

 

4.4 Discussion 

Falling oxygen concentrations as frogs freeze (& blood circulation is increasingly 

restricted) will trigger pro-survival mechanisms by wood frogs such as MRD and a 

switch to a reliance on anaerobic glycolysis as the primary ATP-generating pathway 

(Storey and Storey, 2017). Both of these responses are also well known among other frog 

species, especially among other northern ranid species that winter underwater. Although 

these frogs can take up oxygen across their skin in cold water, as winter progresses the 

water in ice-locked ponds/lakes becomes increasingly hypoxia as organisms (animals, 

plants, microbes) deplete oxygen. Hence, anoxia tolerance and MRD are well developed 

in a variety of frog species. Studying these animals in their hypoxia/anoxic states has the 

potential to be applied into medical research of conditions related to oxygen deprivation 

such as ischemia and hypoxia-related conditions and injuries. As seen when the R. 

sylvatica undergoes freezing, the reliance on anaerobic glycolysis during MRD signifies 

that the electron transport chain (ETC) is in a reduced state (Joanisse and Storey, 1996, 
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Storey and Storey 2004b). This signifies that the organism is extremely vulnerable to 

excess production of reactive oxygen species (ROS) during anoxia. Additionally, when R. 

sylvatica recovers from their state of hypometabolism and anoxia, there is also a risk of 

high ROS exposure threatening the organism as oxygen floods back into the frog’s body. 

Exposure to elevated levels of ROS in turn raises vulnerability to oxidative damage, such 

as protein, lipid, or DNA damage. To counteract these stresses, antioxidant defence 

systems are in place that can minimize and ideally negate potential oxidative damage. 

Additionally, repair pathways are available to resolve oxidative damage to 

macromolecules. Since genomic integrity is crucial for an organism’s survival, one of the 

most prominent and important repair system is the DNA repair pathway. Other studies 

have assessed antioxidant defences in R. sylvatica under anoxic conditions (Wu et al., 

2018), but the role of non-enzymatic antioxidant factors and the DSB pathway of DNA 

repair has not previously been explored.  

The nature of freezing-induced anoxia in R. sylvatica can cause tissue-specific 

responses/damage that require tissue-specific regulation. As previously mentioned, since 

each organ has a unique role in maintaining cellular viability, this can account for the 

tissue specific responses that are observed in the DNA damage and repair systems. As 

previously discussed, the liver is an imperative organ during the winter months for wood 

frogs as it is the site of glucose regulation, which is the main cryoprotectant used to 

preserve the frog at subzero temperatures. The wood frog’s freeze tolerant ability is 

heavily dependent on liver’s ability to covert stored glycogen into glucose prior to 

freezing, and clear glucose to restore normal metabolic function during thawing and 

recovery. In contrast to liver, studies have also shown that R. sylvatica’s skeletal muscle 
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has its own internal storage and regulation of glycogen and glucose and experiences an 

added layer of stress since external ice restricts muscle contraction and leads to an 

ischemic state of the muscle. As with the previous study in Chapter 3, the differences 

between the liver and skeletal muscle allow for a tissue comparison of non-enzymatic 

antioxidant capacity and DNA damage repair mechanism to further understand adaptation 

to anoxic conditions. Additionally, many studies of wood frogs have demonstrated that 

certain pathways have stress specific adaptions in the organism. Therefore, the 

comparison of these pathways between frozen and anoxic conditions allow for the 

observation of potential stress specific adaptations in these tissues, since this has yet to be 

explored in the context of antioxidant capacity and DNA repair.  

As previously discussed, R. sylvatica is vulnerable to ROS damage during anoxia 

and recovery when there are drastic and rapid changes in oxygen availability. Increasing 

levels of ROS during this cycle can cause oxidative damage to DNA and interfere with 

genomic stability and integrity. As discussed in Chapter 3.4, guanine is the nucleotide 

that is most susceptible to oxidative damage and can be oxidized into 8-hydroxy-2’-

deoxyguanosine (8-oxo-dG), leading this oxidized form to be prominently used as marker 

of DNA oxidative damage (Burrows and Muller, 1998). The relative expression of 

oxidized guanine species including 8-oxo-dG and 8-hydroxyguanine (8-oxo-Gua) was 

measured using a DNA damage ELISA kit to determine if DNA damage occurred in R. 

sylvatica liver and muscle over the anoxia-recovery cycle  (Figure 4.1). Interestingly, 

liver showed an increase in the relative expression of oxidized guanine species after 4 

hour aerobic recovery in comparison to the 24 hour anoxia treatment group but was not 

different from the controls. This increase in oxidized guanine species during recovery 
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from anoxia could be due to the rapid reperfusion that occurs when oxygen is 

reintroduced. However, this increase was not significantly different from control levels, 

suggesting that the observed guanine oxidation during recovery is still a relatively 

minimal level in which endogenous antioxidant and DNA repair mechanisms are not 

overwhelmed. There was no evidence of increased oxidation of guanine during the 

anoxia-recovery cycle in skeletal muscle as the relative expression of oxidized guanine 

species did not change significantly between control, 24 hour anoxia, or 4 hour recovery 

treatment groups (Figure 4.1). This result suggests that anoxia exposure did not increase 

oxidation of guanine species, and that R. sylvatica is potentially capable of mitigating the 

oxidative damage through antioxidant defences or through DNA repair mechanisms in 

muscle during the anoxia-recovery cycle. It is important to note that only the relative 

expression of oxidized guanine species was measured in this study, and that there could 

still be oxidation of other nucleotide bases. Therefore, it cannot be concluded that all 

forms of DNA oxidation have the same expression as oxidized guanine species through 

the anoxic cycle in liver and muscle seen in Figure 4.1, and further investigation might 

be required.  

Antioxidant defence includes both enzymatic and non-enzymatic factors that 

work in tandem to minimize lipid, protein, and DNA oxidative damage.  As previously 

discussed in Chapter 1 and Chapter 3, there are multiple enzymatic pathways and 

endogenous non-enzymatic molecules that act as antioxidants both directly or indirectly 

to reduce oxidative stress (Wahlqvist, 2013; Marrocco et al., 2017). In order to 

characterize the combined total antioxidant capacity of non-enzymatic antioxidant 

components, a Cayman antioxidant assay kit that was used to measure the summed 
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antioxidant capacity of glutathione, ascorbic acid, vitamin E, trolox, bilirubin, uric acid, 

and albumin. The relative total antioxidant capacity was measured in liver and skeletal 

muscle (Figure 4.2). Interesting, in R. sylvatica liver, there was an increase in total 

relative antioxidant capacity after 4 hour recovery in comparison to the 24 hour anoxia 

group, with both treatment groups showing no significant difference in comparison to 

controls.  This expression pattern matches the expression of oxidized guanine species 

seen in Figure 4.1. The results of both Figure 4.1 and Figure 4.2 suggest that the 

increase in total relative antioxidant capacity may be an antioxidant defence response to 

the increase in relative oxidized guanine species in order to minimize oxidative damage 

to DNA. Since the liver is the first organ to melt and apparently regain function during 

recovery (Storey and Storey, 2001), it is one of the first organs to deal with reperfusion 

and hence could be more at risk for general oxidative damage in comparison to other 

tissues, and in turn elevate antioxidant production to mitigate the consequences of ROS. 

Skeletal muscle showed an increase in total relative antioxidant capacity in the 24 hour 

anoxia and 4 hour recovery treatment groups in comparison to controls, with no 

significant difference between the 24 hour anoxia and 4 hour recovery group (Figure 

4.2). This result suggests that antioxidant production is elevated during anoxia and 

recovery in order to counteract ROS and minimize oxidative damage from ROS during 

the recovery after oxygen is reintroduced. In all, it seems that the liver and skeletal 

muscle attempt to regulate production of non-enzymatic antioxidants in conjunction with 

rapid changes in oxygen availability during the anoxia-recovery cycle in order to 

minimize damage by ROS. These results only observe recovery after 4 hours, and further 

studies monitoring a longer recovery time course could provide more insight as to 
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whether these antioxidant factors are being used and provide clearer overview of 

antioxidant capacity regulation during aerobic recovery.  

As previously discussed, when levels of ROS production overwhelm antioxidant 

defences, organisms can turn to different repair mechanisms to fix macromolecules that 

have succumbed to oxidative damage. As discussed in detail in Chapter 1.7, DNA repair 

mechanisms are very important to maintain genomic integrity amid oxidative stress. The 

choice and method of DNA repair depends on the type of damage (Fleck and Nielsen, 

2004). One particular type of damage that can be lethal is double stranded breaks (DSB) 

to DNA, as they can block replication and greatly interfere with genomic stability if not 

repaired promptly and correctly. The two main pathways for DSB repair are non-

homologous end joining (NHEJ) and homologous recombination (HR) (Ceccaldi et al., 

2016). The high threat of ROS generation during fluctuating oxygen levels, especially 

upon reoxygenation, allows for DNA DSB repair mechanisms to be a very relevant 

pathway to study in the context of anoxia tolerance. The liver and skeletal muscle are 

pertinent tissues to study due to their varying roles during stress and recovery in the wood 

frog, as previously discussed. Studying DNA DSB repair across the anoxia/reoxygenation 

cycle allows for the exploration of the effects of long term stress on DNA repair. 

Additionally, the comparison of these pathways during anoxia to freezing (Chapter 3) 

will allow stress-specific responses to be observed.  

As previously discussed in Chapter 1.7, Mre11, Rad50, and p-95 form the MRN 

complex that is involved in both NHEJ and HR (Rothkamm et al., 2003; Williams et al., 

2007). As seen in Figure 4.3, Rad50 and Phospho-p95 displayed no significant changes 

between 24 h anoxia and 4 h recovery groups in comparison to the controls in liver, 
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indicating constant expression through the anoxia-reoxygenation cycle. Similar to the 

results for frozen liver (Chapter 3.4 and Figure 3.3), the western blot of liver Rad50 

showed a clear expression of one single band around 100-110kDa (Figure 4.3B), that 

was 40kDa lower than the expected molecular weight of the protein. Protein sequencing 

of the African clawed frog (Xenopus laevis) showed there to be an additional homolog of 

Rad50 around 90kDa, implying that the observed protein band in wood frogs could be a 

homolog, and that anurans might generally express a Rad protein of a lower molecular 

weight. Further analysis could be completed to validate the protein expression of Rad50 

seen in the liver. In contrast to the other two proteins, Mre11 displayed a significant 

increase during 24 h anoxia and 4 h recovery in comparison to controls (with no 

significant difference between the two conditions). The significant upregulation of Mre11 

relative expression in both 24 h anoxia and 4 h recovery could potentially be due to a 

reliance on the micro-homology mediated end joining (MMEJ) pathway through stress 

and recovery, as also seen in the skeletal muscle during thawing (Chapter 3.4). Studies 

have shown that Mre11 nuclease activity is also needed in the MMEJ pathway for short 

end resection of DNA (Truong et al., 2013; Dutta et al., 2017). To validate this finding, 

further investigation of the MMEJ pathway in R. sylvatica liver will be required.  

XLF, DNA Ligase IV, and XRCC4 are the primary proteins involved in DNA 

ligation in the NHEJ pathway (Ahnesorg et al., 2006). XLF did not show any significant 

change through 24 h anoxia and 4 hour recovery in comparison to controls in the liver 

(Figure 4.3), suggesting its continued and conserved action through the anoxia-

reoxygenation cycle. However, DNA Ligase IV showed an upregulation in protein 

expression in 24 h anoxia and 4 h recovery. Since DNA Ligase IV is the primary protein 
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involved in ligation in NHEJ (Grawunder et al., 1997), an increase in its expression 

implies ligation through the NHEJ is being upregulated. However, XRCC4 showed the 

opposite response and was strongly downregulated during 24 h anoxia, but partially 

recovered after 4 h recover. Since many studies have established that XRCC4 forms a 

complex with DNA Ligase IV and stimulates its activity (Grawunder et al., 1997; Koch et 

al., 2004), it seems counterintuitive that XRCC4 would be downregulated during anoxia 

when DNA Ligase IV is upregulated. However, studies have shown that although XLF 

forms a complex with XRCC4 to stimulate DNA Ligase IV activity, XLF can also do so 

independently (Roy et al., 2015). Therefore DNA Ligase IV activity during anoxia is 

potentially stimulated by both XLF and XRCC4, with XRCC4 being downregulated in 

order to conserve energy amid stress. Additionally, Figure 4.3 shows that Ku70 has an 

increase in protein expression during 4 h recovery. As previously discussed in Chapter 

1.7, Ku70 is part of the Ku heterodimer that is crucial in marking points of DSB and for 

recruiting other repair proteins in the NHEJ pathway (Nick McElhinny et al., 2000; Fell 

and Schild-Poulter, 2015). Therefore, the increase in Ku70 content seen during 4 h 

recovery suggests that NHEJ activity is upregulated during recovery to repair DSB. This 

is in line with the increase in oxidized guanine species observed during 4 h recovery seen 

in Figure 4.1. More studies will have to be completed in order to fully delineate NHEJ 

activity and the ligation activity seen in this pathway through the anoxia-reoxygenation 

cycle and to validate these findings.  

Since the majority of the aforementioned protein targets act as initial markers of 

DSB prior to DNA repair, or are involved in the NHEJ pathway of DNA repair, the 

expression of Rad51 was evaluated as a preliminary observation of HR activity across the 
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anoxia-reoxygenation cycle in the liver. As previously stated, Rad51 is a critical 

component of HR as it is involved in searching for homologous sections and in strand 

invasion (Godin et al., 2016; Sullivan and Bernstein, 2018). Rad51 protein expression did 

not differ significantly across the anoxia-reoxygenation cycle in the liver (Figure 4.3). 

Therefore, this result suggests that Rad51 function is maintained and that HR is used 

through in the anoxia-reoxygenation cycle in the liver. Analyzing other proteins involved 

in HR should be completed in the liver to validate this finding and to better understand 

the HR pathway and its activity across the anoxia-reoxygenation cycle.   

The same eight DNA DSB repair proteins were assessed in skeletal muscle over 

the anoxia-reoxygenation cycle to allow for tissue comparison of these protein targets.  

As seen in Figure 4.4, Mre11, Rad50, and Phospho-p95 did not display any significant 

changes in relative protein expression over 24 h anoxia and 4 h recovery in comparison to 

the controls. As previously discussed, these three proteins are part of the MRN complex, 

and therefore having similar and consistent expression across control, anoxia, and 

recovery suggests that their function is conserved through the anoxia-reoxygenation 

cycle. The difference between in Mre11 expression in skeletal muscle (constant) versus 

in liver (Figure 4.3) again demonstrates evidence of tissue-specific responses by the 

MRN complex to anoxic exposure.  

In terms of the three main proteins involved in end processing and ligation in the 

NHEJ pathway, it was shown that DNA Ligase IV and XRCC4 did not change 

significantly in relative expression over 24 h anoxia and 4 h recovery in comparison to 

the controls (Figure 4.4). However, XLF showed very strong and significant 

downregulation during 24 h anoxia that was sustained through the 4 h recovery period. 
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Although XLF plays a crucial role in ligation in the NHEJ pathway, its role is similar to 

that of XRCC4, since both of these proteins can recruit DNA Ligase IV in tandem and 

independently (Roy et al., 2015). Therefore, this suppression of XLF could be due to the 

redundancy in its function or perhaps to upstream regulation of XLF versus XRCC4 

expression in the specific response to a low oxygen mediated signal. Recent studies have 

shown that XLF may be involved in other upstream and downstream processes, namely 

in the choice of the DSB repair pathway, but that it does not provide an essential role in 

these processes as other proteins are heavily involved (Fattah et al., 2014). Many proteins 

involved in NHEJ are also involved in V(D)J recombination for lymphocyte 

development. Studies have shown that in this particular pathway, XLF provides a 

redundant function as well (Kumar et al., 2016). The redundancy in XLF’s role could 

explain its downregulation as R. sylvatica has shown evidence of downregulating many 

proteins in order to reduce non-essential energy expenditure during anoxic exposure. 

Additional studies of these proteins involved in ligation and V(D)J recombination will be 

required to further validate these findings. Expression of Ku70 decreased significantly 

during 24 h anoxia and 4 h recovery (Figure 4.4), which differs from the liver where 

Ku70 increased during recovery (Figure 4.3). As previously mentioned Ku70 is part of 

the Ku heterodimer that works to mark DSBs and has also been shown to be involved in 

telomere regulation. However, as seen in Chapter 3.4, proteins of the MRN complex are 

also involved in telomere regulation (Rai et al., 2017; Oh and Symington, 2018). 

Therefore, it is possible that Ku70 is downregulated during anoxia and reoxygenation in 

an attempt to avoid redundancy in the role of maintaining telomeres, since both Mre11 

and Phospho-p95 are conserved through the anoxia-reoxygenation cycle. Future study of 
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the role of the Ku heterodimer in telomere regulation is needed to provide more insight 

into its roles in R. sylvatica in response to anoxia stress.  

To provide a glimpse into the regulation of the HR pathway, the relative protein 

expression of Rad51 was analyzed in muscle and showed a strong decrease in protein 

expression through 24 h anoxia and 4 h recovery (Figure 4.4), that also suggests a 

reduced function of the protein. As previously discussed in Chapter 1.7, although HR is 

the more reliable DBS repair pathway, it is limited as it can only occur during the G2 and 

S phase of the cell cycle when there is a sister chromatid template (Lamarche et al., 2010; 

Her and Bunting, 2018). Therefore, cells that are not in the appropriate cell cycle phase 

will not be able to use the HR pathway for DSB repair. Studies have shown that the cell 

cycle is suppressed in skeletal muscle in response to anoxia in wood frogs (Roufayel et 

al., 2011; Zhang and Storey, 2012). This suppression could account for the 

downregulation in Rad51, and could also suggest that HR is suppressed during the 

anoxia-reoxygenation cycle in skeletal muscle. Cell cycle activity in skeletal muscle also 

differs vastly from other tissues that undergo continual cell cycle activity as muscle is 

mostly post-mitotic and depends on satellite cells for regeneration (Grounds, 1991). This 

could account for the tissue specific difference in Rad51 regulation observed between the 

skeletal muscle and liver through the anoxia-reoxygenation cycle. Additional studies of 

the HR pathway through the anoxia-reoxygenation cycle will be required to confirm and 

validate this finding.  

In conclusion, the work presented in this chapter observed DNA damage, 

antioxidant capacity and DNA DSB repair mechanisms in the liver and skeletal muscle of 

R. sylvatica across the anoxia-reoxygenation cycle. The results suggest that there are 
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tissue specific differences in DNA damage since only the liver exhibited increased 

oxidative species during recovery. The increase of antioxidant capacity during recovery 

seen in both tissues could act as a preventative measure in minimizing oxidative stress 

effects on DNA and other macromolecules when the organism is vulnerable to ROS. The 

apparent increase in antioxidant capacity during anoxia exposure seen in the skeletal 

muscle that is absent from the liver demonstrates evidence of a tissue specific response in 

non-enzymatic antioxidant defence. Furthermore, the relative expression of DNA DSB 

repair markers suggests that some proteins are conserved to repair DSB, but that there are 

certain tissue-specific and pathway-specific differences between the liver and skeletal 

muscle through the anoxia-reoxygenation cycle. These differences can be attributed to an 

overall attempt to conserve metabolic energy and differences in cell cycle control. Future 

studies will be required to further observe the antioxidant response and DNA DSB repair 

mechanisms in R. sylvatica that support survival under oxygen deprivation.   
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Figure 4.1: DNA damage quantification in R. sylvatica liver and muscle through an 

anoxia-recovery cycle. Relative oxidized guanine species in control, 24 hour anoxia, and 

4 hour aerobic recovery conditions. Data are means ± SEM, n = 3 - 4 independent trials. 

One-way ANOVA and a Tukey’s post-hoc test (p < 0.05) were used for analysis; for each 

tissue, values that share the same letter are not significantly different from each other.  
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Figure 4.2: Total antioxidant capacity in R. sylvatica liver and muscle through an anoxia-

recovery cycle. Total relative antioxidant capacity in control, 24 hour anoxia, and 4 hour 

aerobic recovery conditions.  Data are means ± SEM, n = 3 - 4 independent trials. One-

way ANOVA and a Tukey’s post-hoc test (p < 0.05) were used for analysis; for each 

tissue, values that share the same letter are not significantly different from each other.  
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Figure 4.3: Western blot quantification of DSB repair protein expression in R. sylvatica 

liver through an anoxia-recovery cycle. A) Relative protein expression of protein targets 

in control, 24 hour anoxia, and 4 hour recovery conditions. Data are means ± SEM, n = 3-

4 independent trials. One-way ANOVA and a Tukey’s post-hoc test (p < 0.05) were used 

for analysis; for each protein target, values that share the same letter are not significantly 

different from each other. B) Western blot of DSB repair protein targets in the 

corresponding experimental conditions.  
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Figure 4.4:  Western blot quantification of DSB repair protein expression in R. sylvatica 

skeletal muscle through an anoxia-recovery cycle. A) Relative protein expression of 

protein targets in control, 24 hour anoxia, and 4 hour recovery conditions. Data are means 

± SEM, n = 3-4 independent trials. One-way ANOVA and a Tukey’s post-hoc test (p < 

0.05) was used for analysis; for each protein target, values that share the same letter are 

not significantly different from each other. B) Western blot of DSB repair protein targets 

in the corresponding experimental conditions.  
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Chapter 5 

General Discussion 
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 5.1 Freeze tolerance and stress in R. sylvatica 

 Organisms that live in climates with harsh winters must develop overwintering 

adaptations in order to survive. The wood frog (Rana sylvatica) is no exception as it has 

developed an overwintering strategy by freezing on the forest floor and dramatically 

reducing its metabolic rate. R. sylvatica can endure freezing of up to 65% of its total body 

water as extracellular ice. Ice nucleation is typically initiated upon epithelial contact with 

environmental ice, due to freezing of materials (plant matter, soil, etc.) in the moist 

surroundings of the hibernacula. Ice nucleation can also be triggered by the action of ice-

nucleating bacteria on the skin or in the gut, as well as by INPs that are found in the 

blood (Costanzo and Lee, 1996; Storey and Storey, 1996). Once the wood frog is fully 

frozen and extracellular water is converted to ice, vital functions like breathing, muscle 

movement, nerve conductivity, and heartbeat are fully stopped. Interruption in blood flow 

prevents oxygen delivery to organs, which induces a state of anoxia and ischemia. As 

such, the electron transport chain becomes reduced and aerobic ATP production stops, 

thus, leaving cells to rely on anaerobic glycolysis for production of ATP (Storey and 

Storey, 2017). Given that the amount of ATP produced anaerobically is much less than 

the amount of ATP generated under aerobic conditions, cells reduce their metabolic rates 

to conserve the finite amount of ATP available and balance ATP production with ATP 

expenditure (Storey and Storey, 2004a; Costanzo and Lee, 2013).  

In order to protect their cells while experiencing this stress, R. sylvatica elevates 

its glucose levels (from 5mM in normal conditions to 300mM during freezing) and uses it 

as the main cryoprotectant through the winter (Layne et al., 1996; Storey and Storey, 

2017). This done by converting stored liver glycogen into glucose, which is then 
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delivered to all other organs via the blood during the early hours as the frog is freezing 

(Larson and Barnes, 2016). Metabolic rate depression is achieved through whole body 

reduction of cellular processes and movement in order to reduce ATP demand and 

glycolytic waste accumulation (Regan et al., 2017). One of the most energy demanding 

process that is greatly reduced during metabolic rate depression is protein synthesis, as it 

is very sensitive to energy and amino acid availability; both of which are limited when 

the organism endures stress and starvation (DeGracia et al., 2002). This reduction in 

metabolic activity causes many metabolic pathways to exhibit differential expression 

while experiencing environmental stress.   

As previously mentioned in Chapter 1.4, the wood frog has the ability to endure 

anoxia, dehydration, and hyperglycemia in association with freezing. Due to the 

multifaceted nature of freezing, wood frogs must be able to deal with the unique 

limitations of each stress. As such, many studies have demonstrated that there are stress-

specific responses and regulation of many metabolic processes seen in the wood frog. For 

example, a recent study has shown that R. sylvatica exhibits stress specific regulation of 

enzymes involved in glycolysis and the urea cycle through reversible phosphorylation 

(Hawkins et al., 2019). This study not only shows the importance of reversible PTMs in 

adapting to stress but how key metabolic processes have unique adaptations to different 

stresses that are also tissue specific. Transcription factors involved in glucose transport 

and other important cellular processes have shown unique stress-specific regulation, and 

also demonstrate how transcription factor regulation in freezing may have originated in 

the organism’s response to other stresses (anoxia in this case) (Hoyeck et al., 2017). 

Studies have also shown differences in cell cycle regulation between freezing, anoxia, 
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and dehydration in R. sylvatica liver, again demonstrating the importance of stress-

specific responses (Zhang and Storey, 2012). The plethora of studies that have 

demonstrated stress specific responses in R. sylvatica show the complexity of adapting to 

environmental stress and the importance of comparative studies in this model organism. 

Additionally, there are unique adaptations to each stress that might be developed for 

various medical applications; ranging from organ preservation to diabetes control to 

diseases related to ischemia (such as stroke and cardiovascular disease). The unique 

adaptations of the wood frog allow it to be an excellent animal model to study cellular 

processes through stress and recovery.  

 

5.2 Stress specific expression of DNA damage 

 As previously discussed in Chapter 1.4 and Chapter 1.5, reperfusion and 

reoxygenation greatly increase the wood frog’s susceptibility to increased ROS and 

subsequent oxidative damage to DNA. As such, oxidative damage to guanine species was 

observed in R. sylvatica liver and skeletal muscle through the freeze-thaw cycle 

(Chapter 3) and the anoxia-reoxygenation cycle (Chapter 4), and represents the first 

analysis of DNA oxidative damage in response to environmental stress in R. sylvatica. As 

seen in Figure 3.1, there were no significant changes in the expression of oxidized 

guanine species amid the freeze-thaw cycle in liver and skeletal muscle. This suggests 

that the level of oxidized guanine species remains constant through freezing and thawing, 

and that most likely preventative mechanisms such as antioxidant defence systems halt 

any increase of oxidative damage to DNA.  Contrastingly, the anoxia-reoxygenation 

cycle (Figure 4.1) showed an increase in oxidized guanine species during 4 h aerobic 
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recovery in the liver, but no changes in oxidized guanine species in skeletal muscle 

across the anoxia-reoxygenation cycle. In addition to the tissue specific responses that 

may occur as previously mentioned, these results suggest that aerobic recovery greatly 

increases susceptibility of wood frogs to oxidative damage in the liver as seen from 

evidence of increased levels of oxidized guanine species. Since it is well known that 

wood frogs can recover from anoxia unscathed, the observation of an increase in oxidized 

species suggests that they use antioxidant defences to minimize damage as well as repair 

mechanisms in place to counteract any damage and retain full genomic and metabolic 

integrity. Since only oxidized guanine species was observed, future research into the 

oxidation of other bases and of other macromolecules, such as lipids and proteins, which 

can also lead to DNA damage will allow for broadened insight into DNA damage through 

the freeze-thaw cycle and anoxia-reoxygenation cycle.  

 

5.3 Stress specific responses in total antioxidant capacity 

 As discussed in Chapter 1.6, many enzymatic and non-enzymatic antioxidants 

work to detoxify ROS and prevent oxidative damage. Previous studies have shown 

upregulation and unique adaptations of prominent antioxidant enzymes (e.g. catalase and 

glutathione-utilizing enzymes) in the wood frog during freezing and thawing (Dawson 

and Storey, 2016; Dawson and Storey, 2017). By observing total antioxidant capacity of 

several non-enzymatic factors through freezing (Chapter 3) and anoxia (Chapter 4), this 

allowed for the observation of non-enzymatic antioxidant capacity across these stresses in 

conjunction with DNA oxidation (previously discussed in Chapter 5.2) and for any 

stress specific regulation to be determined. Figure 3.2 depicts the relative expression of 
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several non-enzymatic antioxidant factors through the freeze-thaw cycle in liver and 

skeletal muscle. The results imply that non-enzymatic factors are being used in the liver 

during thawing since non-enzymatic antioxidant factors were depleted to counteract and 

detoxify ROS. The consistent expression of non-enzymatic antioxidant factors in skeletal 

muscle across the freeze-thaw cycle suggests that muscle may be exposed to consistent 

levels of ROS through freezing and thawing and therefore does not need to augment its 

antioxidant capacity through the cycle. As per the anoxia-reoxygenation cycle (Figure 

4.2), there is an increase in relative antioxidant capacity during aerobic recovery in the 

liver and during anoxia and aerobic recovery in the skeletal muscle. This increase seen in 

both tissues suggests that non-enzymatic antioxidant factors are being produced in higher 

quantities to detoxify ROS and prevent oxidative damage. These results further 

demonstrate stress specific regulation of non-enzymatic antioxidant factors, and suggest 

that reoxygenation may generate higher threats of ROS in comparison to reperfusion. 

Further studies of more prominent enzymatic and non-enzymatic antioxidant defenses 

will be required to solidify knowledge of antioxidant capacity across stress/recovery in 

the wood frog.  

 

5.4 Stress specific regulation in DNA DSB repair  

  When antioxidant defences are depleted or overwhelmed during stress, oxidative 

damage can occur and require repair mechanisms (Chapter 1.7). DNA DSB repair 

mechanisms have not been explored in the context of stress and recovery in R. sylvatica 

or similar animal models that undergo stress. However, a study of red-eared slider turtles 

(Trachemys scripta elegans) has demonstrated that p53, which does have a role in 
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signaling DNA damage repair, is upregulated in response to oxygen deprivation (Zhang 

et al., 2013), suggesting that DNA repair could play a role in maintaining DNA integrity 

amid oxidative stress. As per the present study, it can be seen that many DNA DSB repair 

proteins are consistently expressed through stress and recovery under freezing and anoxia 

conditions in the liver and skeletal muscle (Figure 3.3, Figure 3.4, Figure 4.3, and 

Figure 4.4). Consistency in protein expression suggests that these proteins are conserved 

through stress and recovery in order to counteract any oxidative threat, but that perhaps 

oxidative damage to DNA is not significantly increased during stress and recovery. 

However, these results do show certain tissue specific and stress specific responses 

among selected DNA DSB repair targets suggesting that there are differences in oxidative 

stress and regulation of DNA repair mechanisms between freezing and anoxia. These 

stress specific differences can be mainly attributed to the difference in metabolic 

regulation and other cellular processes between freezing and anoxia that are needed in 

order to promote survival. This study only focused on eight major targets of NHEJ and 

HR, and therefore additional studies on further upstream and downstream proteins 

involved in these two pathways of DNA DSB repair will be required to validate and 

solidify insights into DSB repair through stress and recovery. Additionally, a study of 

additional DNA repair pathways (both of DSB and ssDNA breaks) will allow for 

observation of other potential DNA damage that occurs and which types of repair 

pathways are being promoted to preserve genomic integrity across cycles of freeze-thaw 

and anoxia-reoxygenation.  
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5.5 Conclusion 

 R. sylvatica has the remarkable capacity to endure multiple different 

environmental stresses, including freezing and anoxia. As such, wood frogs modify and 

tightly regulate many cellular and metabolic processes in order to ensure survival and 

overcome any limitations through stress and recovery. One major limitation the wood 

frog must withstand is the impending threat of oxidative stress from ROS that arises upon 

reperfusion and reoxygenation. The wood frog can strategically adapt many cellular 

processes to prevent the onset of oxidative damage from ROS or use repair mechanisms 

to fix any damage that may occur from oxidative stress. The levels of oxidized DNA 

(observed as oxidized guanine species) was largely held constant under the many 

conditions assessed in this study. In conjunction with the observed expression of non-

enzymatic antioxidant factors this suggests that antioxidant factors play a role in 

preventing DNA oxidative damage in the liver and skeletal muscle during environmental 

stress conditions that include freezing and oxygen limitation. Additionally, DNA DSB 

repair mechanisms are adapted to deal with oxidative damage that occurs, but is also 

adapted in a manner that can conserve energy amid MRD through cycles of freeze-thaw 

or anoxia-reoxygenation. As the first study of its type, the present thesis provides data 

that indicates mechanisms that preserve genomic integrity in the face of environmental 

stress is something that deserves further study in other animal models that endure 

extreme environmental stresses.  
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5.6 Future direction  

 Although the studies in this thesis illuminate many aspects of DNA oxidative 

damage, antioxidant capacity, and DNA DSB repair mechanisms in the wood frog, there 

are still many factors that have yet to be studied to provide a comprehensive analysis of 

oxidative damage and preservation of genomic integrity through freezing and anoxia. To 

begin with, observing the oxidation of other DNA bases in addition to guanine, along 

with RNA oxidation, lipid peroxidation, and protein oxidation will allow for a more 

extensive and thorough view on oxidative damage through the freeze-thaw cycle and 

anoxia-reoxygenation. Observing the extent of oxidative stress and the different types of 

damage that occurs allows for targeted antioxidant defences and repair mechanism and a 

more complete view on how oxidative damage is prevented or minimized. Antioxidant 

defences and oxidative damage to DNA, lipids, and proteins have been observed in 

various organisms that endure environmental stresses (Hermes-Lima et al., 2001) 

However, only a few antioxidant enzymes are thoroughly characterized in the wood frog 

as catalase and glutathione reductase have been observed in the context of freezing 

(Dawson and Storey, 2016; Dawson and Storey, 2017). Antioxidant capacity is a 

complex synergetic effort of both enzymatic and non-enzymatic factors (Birben et al., 

2012). Therefore, observing the enzymatic activity of other prominent antioxidant 

enzymes in depth (such as superoxide dismutase, glutathione peroxidase, peroxidases, 

etc.) in conjunction with non-enzymatic factors mentioned in this thesis in seclusion to 
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analyze their unique expression through stress and recovery will provide more 

information on antioxidant capacity in response to ROS.  

 Due to its complexity, there are numerous proteins involved in DNA repair that 

were not analyzed in this study. DNA-dependent protein kinase, catalytic subunit (DNA-

PKcs), ataxia telangiectasia mutated (ATM), and ataxia telangiectasia  Rad3-related 

protein (ATR) are three phosphatidylinositol 3-kinase-related kinases (PIKKs) heavily 

involved in DNA cell cycle checkpoints and signaling DNA damage to downstream 

targets (Falck et al., 2005; Awasthi et al., 2016). Studying these protein kinases will 

provide major insights into the regulation of DNA DSB pathway, and are thus important 

future targets to analyze in the context of DNA repair. There are also several other 

proteins involved in NHEJ that can be examined to determine their responses to freezing 

and anoxia conditions in R. sylvatica to better understand the regulation of NHEJ through 

stress and recovery. For example, Ku70 alone was studied in this thesis, but since it 

works as a heterodimer in conjunction with Ku80 (Fell and Schild-Poulter, 2015), a 

comparable analysis of Ku80  would provide a more detailed view of the action of the 

whole complex  freezing and anoxia. Additionally, 53BPI is a protein that helps 

determine the choice of repair pathway by restricting resection and promoting NHEJ (Lee 

et al., 2010), thus making it an important marker to study in the context of NHEJ. 

Artemis is another prominent NHEJ target to be studied as it cuts damaged bases and 

works together with DNA-PKcs, ATM, and 53BPI (Chang and Lieber, 2016). The X 

family of DNA polymerases Pol λ and Pol μ are also important and involved in filling in 

the base pairs of gaps in the damaged area (Yamtich and Sweasy, 2010). HR was not 

extensively studied in the present thesis, and therefore additional study of the proteins 
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will improve our knowledge of the DNA DSB pathway choice and HR activity during 

freezing and anoxia. As previously mentioned in Chapter 1.7, Sgs1 and Exo1 work 

together to unwind and cut single stranded DNA (ssDNA) during HR (Mimitou and 

Symington, 2008). BRCA1, RPA, and Rad52 are proteins involved in filament formation 

in HR (Wu et al., 2010; Suwaki et al., 2011), and are also important HR markers that 

could be studied. Rad54, GEN1, and SLX1/4 resolve the Holliday junction (Suwaki et al., 

2011; Grabarz et al., 2012), and its analysis will provide additional insight into HR 

regulation under environmental stress in wood frogs. Additionally, studying BER, NER, 

and MMR will provide insights into  how damaged base pairs are excised and corrected 

(Friedberg, 2003) and would allow exploration of other avenues of DNA repair that could 

be used by wood frogs. These targets can be explored using western blotting or as 

transcriptional studies using polymerase chain reaction (PCR).  

 Recent studies have illuminated the relationship between ATM, ATR and the ten-

eleven translocation (TET) family of enzymes involved in DNA demethylation. These 

studies have shown that TET-1 demethylation during ATM activity further promotes 

DNA DSB repair, and has significant influence on Purkinje cell viability (Jiang et al., 

2015). Additionally, DNA damage repair mediated by ATR also influences TET-3 

activity and its demethylation activity (Jiang et al., 2017). The TET family can be studied 

using western blots, DNA dot blots, and activity kits. However, the two aforementioned 

studies of the TET family in conjunction with ATM and ATR analysis used additional 

techniques such as microarrays and DNA immunoprecipitation sequencing to validate 

their findings. Future studies of the responses of the TET family over the freeze-thaw or 

anoxia-reoxygenation cycles in the wood frog using these additional techniques will not 
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only open an investigation of DNA demethylation in the wood frog, but also investigation 

in tandem with ATM and ATR, particularly in the brain, will allow for a link between 

epigenetics and DNA repair to be assessed.  

 As shown through many previous studies of R. sylvatica and in Chapter 3 and 

Chapter 4, the different roles of each organ during stress and recovery influence tissue 

specific regulation (Storey and Storey, 2017). The studies in this thesis only explored 

liver and skeletal muscle. Thus, future studies exploring DNA damage, antioxidant 

capacity, and DNA repair mechanisms in other tissues such as the brain, heart, lung, and 

kidney will provide a broader understanding of the whole body response to oxidative 

stress amid freeze-thaw and anoxia-reoxygenation cycles. As discussed in Chapter 1.4, 

R. sylvatica can also endure dehydration and hyperglycemia, each inducing unique 

adaptations to promote survival. Since each stress requires unique cellular and metabolic 

adaptations and prompts stress specific regulation, further analysis of DNA oxidative 

damage, non-enzymatic antioxidant capacity, and DNA repair in the context of 

dehydration and hyperglycemia will allow exploration of adaptations to different 

environmental stresses. Studies of cellular and metabolic processes involved in 

dehydration and hyperglycemia resistance could be of relevance to medical applications 

in these areas.  

 The aforementioned targets and experiments are just some examples of how 

research into DNA damage, antioxidant capacity, and DNA repair can be further 

advanced in the future. These experiments, using the incredible model that is R. sylvatica, 

will allow for the application of this research into diverse medical contexts (such as 

cryopreservation of cells/tissues/organs, diabetes, and ischemia related diseases, etc.). 
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Additionally, as the compromise of DNA integrity is the basis of many medical 

conditions, research in this area has great potential to broaden understanding of the 

importance of DNA integrity and adaptations that promote maintenance and survival.  
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Appendix A: Western blot antibody information and supplier 

 

Protein Target Supplier Catalogue Number 

Mre11 Cell Signaling 4847 

Rad50 Cell Signaling 3427 

Phospho-p95 (NSB1) Cell Signaling 3001 

XLF Cell Signaling 2854 

DNA Ligase IV GeneTex GTX100100 

XRCC4 GeneTex GTX100094 

Ku70 GeneTex GTX101848 

Rad51 GeneTex GTX100469 
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Appendix B: Western blot experimental conditions 

 

B1: Western blot optimization for freeze-thaw tissues 

 

Protein 

Target 

Tissue Protein 

amount 

(µg) 

Gel Blocking 

conditions 

1° 

Antibody 

2° 

Antibody 

Mre11 Liver 50 10 3% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Muscle 50 10 2 % milk, 

30 mins 

1:1000, 

overnight  

1:7000,  

30 mins 

Rad50 Liver 50 8 1% milk 

30 mins 

1:1000, 2 

nights 

1:6000,  

30 mins 

Muscle 50 8 1% milk, 

15 mins 

1:1000, 

overnight 

1:6000,  

30 mins 

Phospho-

p95 

Liver 50 10 1% milk 

30 mins 

1:1000, 

overnight 

1:6000,  

30 mins 

Muscle 50 10 1% milk, 

30 mins 

1:1000, 

overnight 

1:6000,  

30 mins 

XLF Liver 25 12 5% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Muscle 25 12 2% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

DNA 

Ligase IV 

Liver 25 10 2% milk, 

30 mins 

1:1000, 

overnight 

1:6000,  

30 mins 

Muscle 25 10 2% milk, 

30 mins 

1:1000, 

overnight 

1:6000,  

30 mins 

XRCC4 Liver 25 12 6% milk, 

30 mins 

1:1000, 

overnight 

1:8000,  

30 mins 

Muscle 25 12 6% milk, 

30 mins 

1:1000, 

overnight 

1:8000,  

30 mins 

Ku70 Liver 25 10 3% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Muscle 25 10 3% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Rad51 Liver 25 12 5% milk 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Muscle 25 12 5% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 
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B2: Western blot optimizations for anoxia-recovery tissues 

 

 

Protein 

Target 

Tissue Protein 

amount 

(µg) 

Gel Blocking 

conditions 

1° 

Antibody 

2° 

Antibody 

Mre11 Liver 50 10 3% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Muscle 50 10 5 % milk, 

30 mins 

1:1000, 

overnight  

1:7000,  

30 mins 

Rad50 Liver 50 8 No 

blocking 

1:1000, 2 

nights 

1:6000,  

30 mins 

Muscle 50 8 No 

blocking 

1:1000, 2 

nights 

1:6000,  

30 mins 

Phospho-

p95 

Liver 50 10 No 

blocking 
1:1000, 

overnight 

1:6000,  

30 mins 

Muscle 50 10 No 

blocking 

1:1000, 

overnight 

1:6000,  

30 mins 

XLF Liver 25 12 5% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Muscle 25 12 2% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

DNA 

Ligase IV 

Liver 25 10 No 

blocking 

1:1000, 

overnight 

1:6000,  

30 mins 

Muscle 25 10 No 

blocking 

1:1000, 

overnight 

1:6000,  

30 mins 

XRCC4 Liver 25 12 6% milk, 

30 mins 

1:1000, 

overnight 

1:8000,  

30 mins 

Muscle 25 12 6% milk, 

30 mins 

1:1000, 

overnight 

1:8000,  

30 mins 

Ku70 Liver 25 10 3% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Muscle 25 10 3% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Rad51 Liver 25 12 5% milk 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 

Muscle 25 12 5% milk, 

30 mins 

1:1000, 

overnight 

1:7000,  

30 mins 
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Appendix C: Representative western blots 

 

C1: Whole image of ECL-detected membrane using the control, 24 hour frozen and 8 

hour thawed liver samples probed with XRCC4 antibody  
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C2: Coomassie stained membrane of control, 24 hour frozen and 8 hour thawed liver 

samples probed with XRCC4 antibody. Band of interest was standardized against the 

summed intensity of multiple Coomassie-stained bands from the same lane. 

 

 

 

 


